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ABSTRACT
The goals o f  this research are to develop an algorithm to operationally retrieve 
profiles o f atmospheric temperature and pressure for the upcoming Stratospheric 
Aerosol and Gas Experiment (SAGE) III satellite missions, validate the approach 
through simulated retrievals, and derive an error budget for the retrieved products. 
The retrieval algorithm is based on SAGE III multi-spectral measurements o f the 
oxygen A-band absorption feature centered near 762 nm. The retrieved products will 
consist o f vertical profiles o f temperature and pressure at 1-km intervals from 1 to 
85 km.
The A-band absorptivity measurements are dependent on temperature and 
pressure in a complicated, non-linear fashion and, as a result, an iterative retrieval 
approach has been proposed. The retrieval algorithm uses a global fitting technique 
that solves for successive adjustments to trial solution temperature and pressure 
profiles by minimizing the residuals between the SAGE III measured absorptivities 
and a set o f modeled absorptivities produced from a numerical model o f the 
measurements. A modified Levenberg-Marquardt non-linear least squares routine is 
used to perform the minimization.
The feasibility of the proposed retrieval algorithm was demonstrated through a 
series o f simulation studies using synthetic measurements with realistic noise. The 
sensitivity of the retrievals to measurement noise increases significantly above 40 km 
and induces undesirable oscillations in the retrieved profiles. The implementation o f 
an implicit hydrostatic constraint was shown to effectively reduce the magnitude o f 
these noise-induced oscillations. A statistical analysis based on sixty simulations 
indicates that the retrieval algorithm introduces negligible bias in the solution profiles 
and produces consistent results for all atmospheric conditions.
A formal characterization and error analysis was performed on the retrievals. 
Potential sources o f random and systematic uncertainty were identified and a 
comprehensive error budget for the temperature and pressure retrievals was derived. 
The estimated accuracy o f the temperature retrievals is better than 2 K below 55 km, 
but increases to 4.5 K. at 85 km. The estimated accuracy of the pressure retrievals is 
better than 2% at all altitudes. Based on this assessment, the retrieved products will 
meet the SAGE III algorithm and science requirements for temperature and pressure 
measurements.
XV
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CHAPTER I
INTRODUCTION
The Stratospheric Aerosol and Gas Experiment (SAGE) III is the fourth 
generation of solar occultation satellite instruments designed by the National 
Aeronautics and Space Administration (NASA) to measure vertical profiles o f aerosol 
extinction and the molecular densities of gaseous species in the atmosphere 
[McCormick et al., 1991]. As part of NASA’s Earth Science Enterprise (ESE) Earth 
Observing System (EOS) program, three SAGE III missions are planned with the first 
instrument scheduled for launch onboard the Meteor-3M satellite in the Fall o f 1999. 
With an expanded spectral range compared with its predecessors, SAGE III will make 
multi-spectral measurements o f the oxygen A-band absorption feature that can be used 
to retrieve profiles of temperature and pressure. The goals of this research are to 
develop an algorithm to operationally retrieve vertical profiles o f temperature and 
pressure from the SAGE III oxygen A-band measurements, validate the approach 
through simulated retrievals, and provide a detailed assessment o f the expected 
uncertainties associated with the retrieved products. After a general overview o f 
SAGE III, the remaining sections o f the Introduction will discuss the SAGE III 
algorithm and science requirements for temperature and pressure and the 
characteristics o f the oxygen A-band that make it attractive for temperature and
2
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3pressure retrievals. The final section defines the scope o f the proposed research and 
can be used as a roadmap for the remaining chapters o f this dissertation.
1.1 Overview of SAGE III
The lineage of the SAGE III instrument dates back more than twenty years. 
The first satellite experiment in the SAGE series was the single-channel (lOOOnm) 
Stratospheric Aerosol Measurement (SAM) II instrument which measured vertical 
profiles of aerosol extinction from onboard the Nimbus 7 spacecraft from 1978 until 
1994 [McCormick et al., 1979]. The evolution continued with the development o f the 
four-channel SAGE instrument whose expanded measurement capabilities included 
profiles of aerosol extinction at two wavelengths (450 and 1000 nm) and profiles of 
the molecular densities of ozone and nitrogen dioxide [McCormick et al., 1979], 
SAGE operated on the Applications Explorer Mission 2 (AEM-2) satellite from 1979 
until 1981, when the spacecraft’s power supply failed. Next in the series came the 
seven-channel SAGE II sensor that, in addition to ozone and nitrogen dioxide, can 
measure the molecular density o f water vapor and aerosol extinction at four 
wavelengths (385, 453, 525, and 1020 nm) [Mauldin, 1985; McCormick, 1987], 
SAGE II was launched onboard the Earth Radiation Budget Satellite (ERBS) in 1984 
and is still operational.
The SAGE III instrument design incorporates two significant improvements 
over its predecessors: a charged couple device (CCD) linear array detector with 
programmable channel selection and a 16-bit A/D converter [Mauldin et al., 1989; 
McCormick et al., 1991; McCormick et al., 1993]. The CCD detector provides nearly
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4continuous wavelength coverage with up to 800 channels spanning the ultraviolet, 
visible, and near-infrared (280-1030 nm) spectral regions with approximately 1-nm 
resolution. In addition, there is a single photodiode detector for aerosol measurements 
located near 1540 nm. The incorporation of the CCD array will allow the 
measurement of multi-spectral absorption features o f individual gaseous species and 
multi-channel broadband extinction by aerosols. The 16-bit digitization will improve 
the precision and altitude range o f the measurements. Another significant design 
change is the addition o f a repositionable solar attenuator. This will permit both solar 
and lunar occultation measurements, which will increase the geographical coverage o f 
the measurements and allow the retrieval o f nitrogen trioxide and chlorine dioxide that 
are only present at night. The SAGE III data products will include profiles of aerosol 
extinction at nine wavelengths; the molecular densities o f ozone, nitrogen dioxide, 
nitrogen trioxide, water vapor, and chlorine dioxide; temperature and pressure; and 
cloud presence. The complete list o f SAGE III standard data products is summarized 
in Table 1.1. For each data product listed, the table provides the experimental goals 
for random and systematic uncertainty and the expected altitude range o f the retrieved 
profiles.
Like its predecessors, SAGE III will employ the solar occultation method to 
measure the attenuation of solar radiation by the Earth’s atmosphere due to scattering 
and absorption by atmospheric constituents during each sunrise and sunset 
encountered by the satellite platform. The viewing geometry for a solar occultation 
measurement event is illustrated in Figure 1.1. The measurement altitude is defined 
by the point along the line o f sight between the instrument and the Sun at which it
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5TABLE 1.1. SAGE III Standard Data Products
Product Name Uncertainty*
Random/Systematic
Vertical Range
Aerosol Extinction at 
9 Wavelengths (solar)
5% / 5% 0 -  40 km
H2O Concentration 10% / 15% 0 -  50 km
NO: Concentration and 
Slant Path Column Amount
10% / 15% 1 0 -5 0  km 
10 — 50 km
NO3 Concentration (lunar) 10% / 10% 20 — 55 km
O3 Concentration and 
Slant Path Column Amount
5% / 5% 6 — 85 km 
5 0 - 8 5  km
OCIO Concentration (lunar) 25% / 20% 1 5 -2 5  km
Pressure 2 % / 2 % 0 — 85 km
Temperature 2 K / 2 K 0 — 85 km
Cloud Presence N/A 0 - 3 0  km
* Expected values over altitude range with highest signal-to-noise
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6comes closest to the Earth’s surface (i.e. the sub-tangent point). The altitude o f that 
point is commonly referred to as the tangent altitude, z, (see Figure 1.1). The line o f 
sight passing through a particular tangent altitude is referred to as the tangent path or 
slant path. During a sunrise or sunset event, the spacecraft motion relative to the 
Sun’s location permits the measurement o f solar radiation at tangent altitudes from the 
Earth’s surface to well above 100 km. At tangent altitudes greater than about 100 km, 
the solar radiation observed by the satellite is essentially unaffected by the Earth’s 
atmosphere and is referred to as the exoatmospheric solar radiation. For a given 
SAGE III channel, the fraction of solar radiation that is transmitted through the 
atmosphere along a particular tangent path is simply determined by taking the ratio o f 
the measured solar radiation along that path to the intensity o f the exoatmospheric 
solar radiation. This ratio is referred to as the slant path transmittance and its 
magnitude depends primarily on the density along the path o f atmospheric constituents 
that are radiatively active (scatter and/or absorb) in a given measurement channel’s 
spectral range. A schematic overview of the atmospheric slant path transmittance for 
the complete spectral range o f the SAGE III instrument is shown in Figure 1.2. It is 
important to note that both Rayleigh and aerosol scattering reduce the transmittance at 
all SAGE III measurement wavelengths. Other distinct features are the absorption 
spectra o f ozone in the Hartley-Huggins band in the UV and the Chappuis band in the 
visible, nitrogen dioxide between 350 and 600 nm, molecular oxygen A-band near 
762 nm, and water vapor near 940 nm. By the appropriate selection of channel 
locations, these various spectral features can be exploited to retrieve the targeted 
SAGE III data products.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Day
Figure 1.1. Viewing geometry for a SAGE III solar occultation measurement event. 
The tangent altitude of each measurement is defined by zt.
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Figure 1.2. Schematic overview of the atmospheric slant path transmittance at a 
tangent altitude o f 20 km for the spectral range o f the SAGE III instrument.
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8Solar occultation experiments possess several noteworthy advantages over 
nadir-viewing (downward-looking) experiments. First, the basic quantity used in the 
retrievals, slant path transmittance, is a relative measurement (the ratio of measured 
solar radiation to exoatmospheric solar radiation) and since the exoatmospheric solar 
radiation is measured during each event, the measurements are continually calibrated. 
This inherent self-calibration feature o f solar occultation experiments decreases the 
risk o f long-term instrument drift and eliminates the need for absolute radiometric 
calibration. In addition, because o f the rapid decrease o f density with altitude along 
the line o f sight between the satellite and the Sun, most o f the attenuation for a given 
slant path occurs in a narrow height range near the tangent point resulting in high 
vertical resolution measurements. With these characteristics, solar occultation 
experiments have the capability to provide high vertical resolution measurements that 
are well suited for long-term monitoring of important atmospheric constituents \ WMO, 
1998],
1.2 SAGE III Temperature and Pressure Requirements
Knowledge of the atmospheric temperature and pressure distribution is a 
critical element in the SAGE III aerosol and trace species retrievals. Vertical profiles 
o f temperature and pressure are used to remove the interfering Rayleigh component of 
attenuation that is present at all measurement wavelengths (see Figure 1.2) and to 
account for the effects o f refraction on the path o f solar radiation along the line of 
sight. In addition, trace species molecular density profiles as a function o f altitude are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9converted to volume mixing ratio profiles as a function o f pressure using these 
temperature and pressure profiles.
Historically, the SAM II, SAGE, and SAGE II experiments have relied on 
NOAA (National Oceanic and Atmospheric Administration) to provide the necessary 
temperature and pressure data. NOAA operationally produces daily (1200 GMT) 
global analyses o f temperature and geopotential height fields at eighteen pressure 
levels ranging from 1000 hPa up to 0.4 hPa (approximately 0-55 km) from a blend o f 
satellite and radiosonde observations [Finger et al., 1965; Gelman et al., 1986; Parish 
and Derber, 1991]. From these operational analyses, NOAA provided the SAGE 
processing team with profiles of temperature and geopotential height spatially 
interpolated to each SAGE measurement location. Then, after being vertically 
interpolated to match the SAGE altitude grid, these profiles were incorporated into the 
routine data processing.
The estimated temperature uncertainty o f the NOAA operational analyses is 
typically less than 3.5 K. below about 30 km, but increases to approximately 9 K at 
about 55 km [Gelman et al., 1994], In general, the accuracy o f the NOAA data is 
adequate for the SAGE processing, however, the large uncertainty o f the upper 
stratospheric data and its susceptibility to discontinuities and trends [Gelman et al., 
1986; Finger et al., 1993] will have a detrimental effect on the quality o f the SAGE III 
data products. The removal o f the interfering Rayleigh component is particularly 
sensitive to large errors in the high altitude meteorological data. For example, near the 
center o f the Chappuis ozone absorption feature (~ 600 nm), the Rayleigh slant path 
optical depth (the negative of the natural logarithm of the slant path transmittance) at
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60 km is about a factor of 10 larger than the ozone slant path optical depth. As a 
result, a nominal temperature error o f 4 K. in the Rayleigh optical depth calculation 
will result in an ozone optical depth error of more than 20%. The aerosol retrievals 
are even more sensitive to errors in the Rayleigh corrections. For instance, in the 525- 
nm aerosol channel, the Rayleigh slant path optical depth at 30 km is almost a factor 
of 100 larger than the aerosol slant path optical depth. In this case, a temperature error 
of 4 K. will result in an aerosol optical depth error of greater than 60%.
To facilitate comparisons with data from experiments that have pressure as 
their natural vertical coordinate, the SAGE III vertical profiles o f trace gas number 
density on geometric altitudes will also be converted to profiles o f trace gas mixing 
ratio on pressure altitudes. The conversion procedure is quite simple, but inaccuracies 
due to errors and/or trends in the meteorological data can introduce artifacts in the 
data. For instance, as reported in the WMO [1998] assessment of ozone trends, the 
presence of long-term trends in the tropical upper stratospheric NOAA temperature 
data induced trend differences o f 1% year'1 between SAGE ozone trends calculated on 
geometric versus pressure altitudes.
Another limitation in the use of the NOAA meteorological products for the 
SAGE III data processing is their altitude range. The SAGE III trace species retrievals 
require meteorological data up to an altitude of 85 km instead of the previous SAGE 
altitude requirement o f 60 km. The NOAA data products, however, are not routinely 
available above 0.4 hPa (approximately 55 km) and would have to be supplemented 
above this altitude with data from a climatological model such as GRAM-95 [Justus et 
al., 1995]. In addition, the NOAA data will not be coincident in space or time with the
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SAGE III measurements and their vertical resolution is generally much poorer. Both 
o f these factors will introduce errors that will be exacerbated in the presence of large 
horizontal or vertical temperature and/or pressure gradients such as might occur in the 
vicinity o f the polar vortex.
In light o f these data quality and sampling issues, it is highly advantageous for 
SAGE III to retrieve temperature and pressure data products that are self-consistent 
with all other SAGE III measurements and possess better vertical resolution and 
accuracy than is currently available from external sources. The successful retrieval of 
such a self-consistent temperature and pressure data set will improve the quality o f the 
SAGE III aerosol and gaseous species data products.
In addition to their use in the constituent retrievals, SAGE III temperature data 
will be valuable for addressing outstanding scientific issues such as climate change. 
There is a substantial effort underway to improve our understanding o f the Earth’s 
climate system and the effects of natural and human-induced changes on the global 
environment [e.g. Houghton et al., 1996]. A myriad o f radiative, dynamical, and 
chemical processes control this climate system and are linked together producing 
many complex feedback mechanisms [Ramanathan et al., 1989]. A key diagnostic of 
climate change is a trend in temperature. Studies have shown that increases in carbon 
dioxide will lead to a cooling o f the middle atmosphere [Fels et al., 1980]. Radiative 
transfer calculations by Rind et al. [1990] predict a 10 K cooling near the stratopause 
(—50 km) in response to a doubling of CO2, while Roble and Dickinson [1989] 
calculated a cooling o f similar magnitude in the upper mesosphere. Temperature 
trends have been estimated using satellite measurements from a series o f Stratospheric
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Sounding Units (SSUs) [Ai/cin et al., 1991], as well as from lidar measurements 
[Keckhut et al., 1995] and rocketsonde measurements [Angell, 1987; Golitsyn et al., 
1996]. Unfortunately, confidence in these observed trends is limited by the restricted 
spatial coverage o f the lidar and rocket observations and intrinsic trends and 
discontinuities in the SSU data record related to calibration biases [e.g. Finger et al., 
1993]. The upper stratospheric and mesospheric temperature information obtained 
from SAGE III will be particularly important for quantifying these trends. Additional 
scientific applications o f the SAGE 111 data include studies o f temperature changes 
associated with solar cycle variations [Labitzke, 1987], the quasi-biennial oscillation 
[van Loon and Labitzke, 1987], diurnal and semi-diumal tides [Keckhut et al., 1996], 
and radiative forcing by volcanic aerosols [Labitzke and McCormick, 1992].
1.3 Remote Sensing with the Oxygen A-Band
The pioneering work of King [1958] and Kaplan [1959] illustrated the vast 
potential of remote sensing as a tool to probe the atmosphere. The underlying 
principle o f satellite remote sensing is that the electromagnetic radiation emerging 
from the top o f the atmosphere possesses a spectral signature that is uniquely 
dependent on the composition and thermal structure o f the atmosphere. Information 
about a specific geophysical parameter (e.g. temperature or molecular number density 
o f gaseous species) can be retrieved by measuring the electromagnetic radiation in an 
appropriate spectral interval that is sensitive to the target parameter. The typical 
approach for the remote sensing of temperature and pressure is to utilize an absorption 
or emission feature o f a relatively abundant, well-mixed gas such as CO?. Since the
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vertical distribution of a well-mixed gas is known, variations in the measured 
absorption or emission spectra reveal information about the temperature and pressure 
structure of the atmosphere.
In the spectral region observed by the SAGE III instrument, molecular oxygen 
is the only species that meets the criteria o f being well mixed and radiatively active. 
The fractional abundance o f molecular oxygen is essentially constant below about 
90 km at a value of approximately 0.2095 [Brasseur and Solomon, 1984]. Molecular 
oxygen is radiatively active because it possesses a strong magnetic dipole moment as a 
result o f a shared electron in the outer orbit o f each oxygen atom. The ground 
electronic state of molecular oxygen is referred to as a triplet with a ground state and 
two excited states. The electronic transitions from the ground state to the excited 
states are accompanied by vibrational-rotational transitions and give rise to two band 
systems, the infrared bands and the red bands [Goody and Yung, 1989], Three o f these 
bands, denoted as A, B, and y, are located in the SAGE III instrument spectral range 
(see Figure 1.2). The A-band, centered near 762 nm, is significantly stronger than the 
other two bands and is located in a favorable spectral region where molecular oxygen 
is the dominant absorber with only small contributions from ozone. In addition to 
being weaker than the A-band, the B- and y-bands are located in spectral regions 
where absorption from gases other than oxygen is significant. The detailed absorption 
line structure o f the A-band is illustrated in Figure 1.3 for a line o f sight through the 
atmosphere at a tangent altitude of 20 km. The A-band contains approximately 290 
individual absorption lines and the distinctive R-branch and P-branch structure 
associated with these rotational transitions is clearly visible.
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Figure 1.3. Detailed line structure o f the oxygen A-band absorption spectrum for a 
slant path at 2 0  km (displayed at a spectral resolution o f approximately 0 .0 2  nm).
The oxygen A-band possesses several other features that make it particularly 
attractive for remote sensing of temperature and pressure. For instance, although the 
overall strength of the A-band is relatively weak, the intensity o f some of the 
individual lines is quite strong and this allows high signal-to-noise measurements 
possible, even low in the atmosphere. Another important feature is the strong 
dependence o f oxygen absorption on temperature and pressure. The nature o f this 
dependence will be discussed in Chapter 2, but, in general, the absorption associated 
with an individual spectral line can be expressed as a known function o f the line
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strength, line shape, and molecular oxygen density along the line o f sight. Both the 
line shape and oxygen density are dependent on temperature and pressure. The line 
strength is also dependent on temperature, but this dependence varies with 
wavelength. For example, at wavelengths far from the band center, the line strength 
increases with increasing temperature, while at wavelengths close to the band center, 
the line strength decreases with increasing temperature. The combination of these 
unique features enhances the potential of the A-band for accurate temperature and 
pressure sensing.
As a result o f being located in a relatively empty region of the visible 
spectrum, the oxygen A-band has been utilized for a wide variety o f remote sensing 
studies. Two primary uses o f  the oxygen A-band have been for the retrieval o f cloud 
top heights [ Yamamoto and Wark, 1961; Fischer and Grassl, 1991; Kuze and Chance, 
1994] and surface pressure [Mitchell and O ’Brien, 1987; Breon and Boujjies, 1996], 
Measurements o f the oxygen A-band by the High Resolution Doppler Imager (HRDI) 
on the Upper Atmospheric Research Satellite (UARS) [Reber, 1993] have also been 
utilized for the remote sensing of atmospheric winds in the stratosphere and 
mesosphere [Ortland et al., 1996; Burrage et al., 1996]. Mlynczak and Olander 
[1995] have investigated the use o f oxygen A-band dayglow emission measurements 
to infer the abundance o f ozone in the middle atmosphere. More recently, Heidinger 
[1998] and Pfielsticker et al. [1998] have demonstrated the capability to retrieve 
aerosol and cloud optical properties from high spectral resolution measurements o f the 
oxygen A-band.
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The use o f the oxygen A-band for remote sensing o f temperature has been far 
more limited. Rocket measurements o f the oxygen A-band dayglow have been 
utilized to infer temperature in the mesosphere [Wallace and Hunten, 1968; Heller et 
al., 1991], while Matsuzaki et al. [1984] derived the temperature at a single altitude in 
the stratosphere from rocket-borne spectrometer measurements o f the oxygen A-band 
absorption spectrum. HRDI measurements o f the Doppler width o f emission lines in 
the A-band have also been used to infer mesospheric temperatures [Ortland et al., 
1998], The recent Japanese Improved Limb Atmospheric Spectrometer (ILAS) 
satellite experiment made solar occultation measurements o f molecular oxygen 
absorption spectra at 1024 channels across the A-band [Sasano et al., 1999]. 
Validated profiles o f  temperature and pressure from the ILAS experiment are not 
available at this time.
The SAGE III instrument will make measurements o f the oxygen A-band 
absorption spectrum using fourteen channels equally spaced at approximately 1-nm 
intervals from 759 to 771 nm. The channel specifications are listed in Table 1.2. As 
illustrated in Figure 1.4, the broad features o f  the A-band are observable at the 
SAGE III spectral resolution. Profiles o f slant path absorptivity for a subset of the 
oxygen A-band channels are shown in Figure 1.5. Over the altitude range of the 
retrievals, the absorptivity values vary by four or more orders o f magnitude. Both the 
relative shape o f the entire A-band spectrum and the magnitude of the individual 
channel absorptivities provide information on the atmospheric temperature and 
pressure structure. During a single event, A-band measurements will be obtained in 
each of the fourteen channels at 1-km intervals over an altitude range from 1 to 85 km.
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As a result, for each occultation event there will nominally be 1260 measurements of 
the oxygen A-band absorption spectrum (and their associated uncertainties) available 
to retrieve profiles o f temperature and pressure.
It is important to note that SAGE III measurements are actually recorded at 
geometric altitudes with the tangent point o f each measurement determined solely 
from the spacecraft/Sun/Earth ephemeris data. This is in contrast to many other 
satellite measurements that have pressure as their natural vertical reference.
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Figure 1.4. Structure of the oxygen A-band absorption spectrum for a slant path at 
20 km (displayed at the SAGE III spectral resolution o f approximately 1.4 nm).
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TABLE 1.2. SAGE III Oxygen A-band Channel Specifications
Central Wavelengths, 
nm
758.85, 759.79, 760.72, 761.66, 762.60, 763.53, 
764.47, 765.40, 766.34, 767.27, 768.21, 769.14, 
770.08, 771.01
Full Width at Half Maximum, nm ~ 1.4 
(FWHM)
Signal-to-Noise Ratio (SNR) 3000
Radiometric Resolution 14 bit (16,000)
80
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20
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0.0001 0.0010 0.0100 0.1000 1.0000
Slant Path Absorption
Figure 1.5. Profiles o f molecular oxygen slant path absorptivity for a subset o f the 
SAGE III oxygen A-band channels. The curves are labeled with the corresponding 
channel numbers (see Table 1.2 for channel specifications).
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1.4 Elements of the Retrieval and Organization of the Dissertation
The basic retrieval problem is to infer the atmospheric state (temperature and 
pressure) from the set o f SAGE III oxygen A-band absorptivity measurements. The 
molecular oxygen absorptivity measurements are related to temperature and pressure 
in a complicated, non-linear fashion as will be shown in Chapter 2. As a result o f the 
non-linear nature o f the problem, a direct matrix inversion approach is not suitable and 
a non-linear, iterative procedure is required. For the SAGE III retrievals, an inversion 
method is used that solves for adjustments to a trial solution o f temperature and 
pressure profiles by minimizing the residuals between the measured absorptivities and 
a set o f calculated or modeled absorptivities. This procedure is repeated until some 
specified convergence criteria are met at which time the current trial temperature and 
pressure profiles are returned as the retrieved atmospheric state.
One of the important requirements o f this retrieval approach is the ability to 
accurately model the SAGE III oxygen A-band measurements. These forward 
calculations (e.g. temperature and pressure to absorptivity) must account for radiative 
transfer processes in the atmosphere, viewing geometry, and the instrument response 
to reproduce the slant path oxygen absorption as it will be measured by the SAGE III 
instrument for a given atmospheric state. Considering the large number of 
measurements per event (1260) and the fact that the retrieval will proceed in an 
iterative fashion, the forward calculations must be performed in a computationally 
efficient method. In Chapter 2, the SAGE III oxygen A-band measurements will be 
defined in terms of the radiative transfer equation and then the forward model o f these 
measurements will be derived. In Chapter 3, the iterative procedure to retrieve
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profiles o f temperature and pressure from the SAGE III measurements is formulated. 
The validity o f the approach is demonstrated with a number of illustrative simulated 
retrievals. In Chapter 4, a formal characterization and error analysis o f the retrieval 
algorithm will be presented and a comprehensive error budget for the temperature and 
pressure products will be derived. Finally, in Chapter 5, a summary o f the research 
will be presented, including an assessment o f how well the retrieved temperature and 
pressure data will meet the science and algorithm requirements established above.
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CHAPTER II
THE FORWARD MODEL
The approach developed for the SAGE III temperature and pressure retrievals 
is an iterative procedure that solves for successive adjustments to trial temperature and 
pressure profiles by minimizing the residuals between the measured SAGE III oxygen 
A-band absorptivities and a set o f modeled A-band absorptivities. The success o f this 
approach relies on the ability to accurately model the A-band measurements as a 
function of temperature and pressure. This absorptivity model is commonly referred 
to as the “forward model” and the numerical procedure used to solve for the 
temperature and pressure adjustments is known as the inversion. The forward model 
must account for radiative transfer processes in the atmosphere, measurement 
geometry, and instrument characteristics to accurately reproduce the slant path oxygen 
A-band absorptivities as would be measured by the SAGE III instrument for any given 
temperature and pressure distribution. The goals o f this chapter are to establish the 
theoretical basis of the SAGE III oxygen A-band absorptivity measurements and then 
describe the forward model o f these measurements. During the course o f this 
discussion, the temperature and pressure dependencies o f the SAGE III molecular 
oxygen measurements, which are the foundation of the retrievals, will also be 
examined in detail.
21
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2.1 Radiative Transfer through the Atmosphere
The flow of radiant energy through the Earth’s atmosphere is affected by 
scattering, absorption, and emission processes that occur during interactions with 
molecular species, clouds, and aerosols. These radiative transfer processes are 
governed by the fundamental principle o f the conservation o f energy and can be 
expressed mathematically as the Equation o f Transfer. A complete derivation and 
discussion o f the Equation of Transfer can be found in, among others, Chandrasekhar 
(1960) and Goody and Yung (1989) and need not be repeated here. The Equation of 
Transfer can be expressed in differential form as
(2-Da ^nd l
where I ,t is the radiance associated with wavelength A, Jx is the source function 
representing contributions from both emission and scattering to the radiance at 
wavelength A, crx is the total volume extinction coefficient, n is the number density of 
the medium, and dl is the element o f path (distance) traveled by the beam of radiation 
through the medium (see Figure 2.1).
This form of the Equation o f Transfer may be simplified when considering the 
specific conditions under which it will be applied. For SAGE III, emission from the 
Earth’s atmosphere is negligible compared to the directly transmitted solar radiation. 
In the A-band spectral region, the largest source o f limb emission is molecular oxygen 
airglow due to resonant scatter o f solar radiation. The ratio o f the oxygen A-band 
airglow emission from the Earth’s atmosphere [Mlynczak et al., 1994] to the intensity 
o f the direct solar radiation incident at the satellite (at A-band wavelengths) is
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approximately 3 .x l(T 12. In addition, the amount o f radiation scattered into the direct 
solar beam is considered to be negligible compared to the directly transmitted solar 
radiation. This simplifying assumption is possible because the SAGE III instrument 
has a very small field o f view (~1.5 x 0.5 arc minutes) that is completely filled by the 
solar disk. Sample calculations indicate that the aerosol and molecular forward 
scattering components would be at most only a few hundredths o f a percent of the total 
signal received by the instrument. Therefore, for SAGE III applications, both the 
scattering and emission components o f the source term are negligible and J \  can be 
omitted. The Equation o f Transfer then reduces to the form
- ~ r ’x -  (2-2)cr ^ n d l
For the general case o f radiant energy traversing through an extinguishing
medium as depicted in Figure 2.1, the solution to the above differential equation is
readily found to be
I M  = U (  0 ) e 'T* {L'0) , (2.3)
where tx(L,0 ) is the monochromatic optical depth o f the medium along a particular 
path from an initial point /=0 , where the incident radiation is given by h(0),  to some 
point L where the emergent radiation is given by Ix (L). Formally, the optical depth is 
defined as
L
t^(L,0)= \cr^ndl . (2.4)
0
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Figure 2.1. The differential path length for radiant energy in traversing a path from 0 
to L within an extinguishing medium with total volume extinction coefficient, ax.
Equation 2.3 is commonly referred to as Beer’s Law and, for SAGE III applications, is 
the basic governing equation for radiative transfer through the atmosphere. In the 
context o f solar occultation geometry, the physical meaning of Beer’s Law is that solar 
radiation traveling along a particular tangent path through the atmosphere will 
decrease exponentially as a function o f the optical depth o f the atmosphere along that 
path. From Equation 2.3, bulk properties o f the medium can be defined. The 
transmissivity, ^ ( L ) ,  is the fraction o f incident solar radiation that traverses 
unattenuated a distance L through the extinguishing medium and is defined as
(2.5)
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The absorptivity, Ax(L), is the fraction o f incident solar radiation that is attenuated or 
removed after traveling a distance L through the medium and is defined as
k x (L) = \ - 3 ^ L )  ■ (2.6)
The SAGE 111 measurements o f oxygen A-band absorptivity will be used to retrieve 
temperature and pressure. In the next section, a detailed expression for these 
measurements will be derived in terms of Beer’s Law and the definition o f 
absorptivity given above.
2.2 Theoretical Basis of SAGE III O2 Absorptivity Measurements
The measurement geometry for a single line of sight or tangent ray between the 
Sun and the SAGE III instrument is depicted in Figure 2.2. The tangent height, zt, is 
defined as the altitude along the ray where z and the line of sight are normal to each 
other. The tangent ray is commonly called the slant path. The fundamental quantity 
measured by the instrument is the solar flux ui irradiance of radiant energy incident at 
the spacecraft after passing through the atmosphere along the line o f sight defined by 
z,. In monochromatic terms, the irradiance, Ffe,) ,  may be defined as
F^{zt ) = , (2.7)
d£l
where 7^(oo) is the unattenuated or exoatmospheric monochromatic solar radiance 
emitted by the Sun and incident at the top o f the atmosphere, ti{zt) is the 
monochromatic total optical depth o f the atmosphere along the line o f sight at tangent 
altitude and vv(!7) is the instrument field o f view function. The angular field o f
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SAGE III Sun
Figure 2.2. Measurement geometry for a single tangent ray between the Sun and the 
SAGE III instrument. The quantity dl/dz is the length of the slant path between 
altitudes z and z+dz.
view o f  the instrument, AQ1 is small enough that the assumption can be made that the 
exoatmospheric solar radiance and optical depth terms are approximately constant
within this field of view. The integration over the field of view can then be
approximated as
F ^ z t ) = l ^ ) e ~ TX{:t)W , (2.8)
where W represents the quantity
W = \w{Q.)dQ.. (2.9)
The spectrally-averaged or channel irradiance, F\(z,), as measured by 
SAGE III in oxygen A-band channel N, can be expressed as
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W - r H  / / A ( « ) e ' r * (-’'W j v ( A ) < / ; I  , (2 .10)
A^
where Ak  is the channel’s spectral bandwidth (~1.4 nm) and Tn(A.) is the band pass 
function which describes the spectral response o f the channel. During each 
occultation event, the SAGE III instrument measures the irradiance at tangent altitudes 
well above the radiatively active region of the atmosphere (zt> 150 km). At these 
altitudes, the optical depth of the atmosphere is effectively zero and the measured 
irradiance is referred to as the exoatmospheric irradiance, /^ (o o ) , where
fy (°°> =  \ I ^ ) W ^ N {X)dX.  (2.11)
A2
By taking the ratio o f the measured irradiance at tangent altitude z, to the 
exoatmospheric irradiance, the channel transmissivity is defined as
r T T  ' (2- l2)FN (co)
It follows from Equation 2.6 that the spectrally-averaged slant path absorptivity, 
A n ( z , ) ,  can be defined in terms o f the measured channel irradiance as
= = -     ■ (2.13)
j / <l(co)'i,Jv ( / l ) ^
A2
These slant path channel absorptivities form the basic set of measurements that will be 
used to retrieve temperature and pressure profiles.
Although not explicitly shown in Equation 2.13, the oxygen A-band channel 
absorptivity is strongly dependent on temperature and pressure. The dependence of
absorption on temperature and pressure is imbedded in the optical depth term. In
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general, the total optical depth, tx(z(), is a linear combination o f optical depths from 
all gaseous species and particulate in the column of air along the line o f sight that 
either absorb or scatter radiation at the wavelength o f interest. At wavelengths within 
the oxygen A-band spectral region, radiative transfer processes are dominated by 
molecular oxygen absorption with minor contributions from Rayleigh and aerosol 
scattering and ozone absorption (see Figure 1.2). Accordingly, the total optical depth 
for any wavelength within the A-band can be expressed as
where the superscripts O2, Ray, aer, and O3 denote the optical depth contributions 
from molecular oxygen absorption, Rayleigh (molecular) scattering, aerosol 
scattering, and ozone absorption, respectively.
Both the Chappuis and Wulf absorption bands o f ozone overlap the oxygen A- 
band spectral region and contribute to the total absorption in the A-band channels. 
Although the Chappuis band is weakly temperature dependent [Burkholder and 
Talukdar, 1994], the ozone absorption component o f the A-band measurements will 
not contribute useful temperature and pressure information to the retrievals. The 
aerosol scattering components possess no temperature and pressure information. As a 
consequence, it is desirable to remove these “interfering” aerosol and ozone 
contributions from the measurements before the retrievals are performed. The details 
o f how these ozone and aerosol contributions are removed can be found in Cunnold 
and McCormick [1997] and Russell and McCormick [1997], respectively, and only a 
brief description is provided here. The ozone optical depth contribution in each o f the
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A-band channels is calculated as the spectrally-integrated product of the ozone 
number density retrieved from independent SAGE III measurements at wavelengths 
outside the oxygen A-band and the ozone molecular cross sections tabulated for the 
Chappuis and Wulf bands. The aerosol slant path optical depth in each of the A-band 
channels is determined by interpolation from independent SAGE III aerosol slant path 
optical depth measurements at the four wavelengths: 667, 754, 868, and 1000 nm. It 
should be emphasized that although the robustness o f the temperature and pressure 
retrievals does not depend on the exact nature o f how these corrections are performed, 
it is dependent on their accuracy. Therefore, it is critical to include the uncertainties 
associated with these corrections in the total uncertainty calculation for the retrieved 
parameters. The effects of the uncertainty in clearing the aerosol and ozone 
contributions from the A-band signal on the temperature and pressure retrievals will 
be discussed in Chapter 4. Otherwise, it will be assumed that the ozone and aerosol 
contributions have been removed from the A-band signal. For simplicity, these 
residual measurements will be referred to as the A-band channel absorptivities, 
although they actually consist of both Rayleigh scattering and molecular oxygen 
absorption components.
2.3 T/p Modulation of the A-band Measurements
Rayleigh or molecular scattering refers to the special case o f scattering where 
the scattering particles are much smaller than the wavelength of the incident radiation. 
The theoretical basis for Rayleigh scattering is well established and may be found in, 
among others, Goody and Yung [1989], The slant path optical depth associated with
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Rayleigh scattering is dependent on the total molecular density along the tangent ray 
through the atmosphere and the wavelength o f incident light. For the solar 
occultation measurement geometry, this can be expressed as
• (2-15)
-» uZ
- t
In this expression, <j^xy is the cross section for Rayleigh scattering, is the length
of the slant path between altitudes z and z+dz (see Figure 2.2), and nair(z) is the 
density o f air molecules as a function of height. The Rayleigh cross section is 
independent o f temperature and pressure, but has a well known wavelength
_ 4
dependence (~ A ). Note, however, that the molecular density o f air is a function of 
the ambient temperature and pressure as prescribed by the ideal gas law, i.e.,
'W ( - > - 7 e £ r r  • (2.16)
*b 1 (-)
where ks is Boltzmann’s constant. Therefore, for a given wavelength, the Rayleigh 
slant path optical depth is only dependent on the temperature and pressure distribution 
along the line o f sight. In the SAGE III species and aerosol retrievals, the Rayleigh 
scattering component is a substantial fraction of the total signal and can even 
completely mask the spectral signature o f the target parameter (i.e. NO: in Figure 1.2). 
In these cases, the Rayleigh component must be cleared from the signal before the 
retrievals are performed. However, in the case o f  the A-band measurements, the 
Rayleigh component is typically a small fraction o f the signal and, as shown above, it 
actually possesses temperature and pressure information. In fact, the beneficial effects
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of including the Rayleigh component in the temperature and pressure retrievals far 
outweigh the potential errors associated with attempting to remove it from the signal. 
The sensitivity o f the temperature and pressure retrievals to the Rayleigh component 
will discussed further in Chapter 3.
The slant path optical depth associated with molecular oxygen absorption can 
be written as
-t
where k ^ 2 (z)\s  the molecular oxygen absorption cross section, xo-y *s ^  volume
mixing ratio of molecular oxygen (~0.2095), and the other terms are defined in their 
usual manner. The molecular oxygen A-band absorption spectrum consists of nearly 
300 individual absorption lines with varying intensities and widths. The absorption
cross section, k ? 2 ( z ) , accounts for the position, strength, and shape o f these lines,
which characterize the absorption at any given wavelength within the A-band.
For a single line, the absorption cross section may be defined as
k co,i =  s i ^ T ) f i ( ° i o j  - “ ) >
(2.18)
where St(T) is the line strength, fi(co0,i-(o) is the line shape function, and a)OJ is the 
central wavenumber o f absorption line i. Here, the absorption cross section is 
expressed in terms o f wavenumber (co= 1/A.) instead of wavelength in keeping with 
standard spectroscopic practices. The total molecular oxygen absorption cross section
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at any wavenumber co within the A-band is the sum o f the contributions from all
absorption lines with non-negligible cross sections at co and may be expressed as
n  M  M
W  =  I V i  = ' L S i W ) f i ( a >o 4 -co) , (2.19)
;=1 <=l
where M is the total number o f oxygen absorption lines considered.
The line strength o f a given transition, Si(T), depends on both the quantum 
nature o f the oxygen molecule and the population o f the upper and lower energy states 
relative to the total number o f molecules in all energy states [see for example, Goody 
and Yung, 1989]. The temperature dependence of the line strength is predominantly 
due to the fact that the distribution o f molecules among the various energy states is 
dependent on their environmental temperature. Following the formulation of 
Gamache et al. [1998], the line strength at a temperature T for a transition centered at 
coo,, can be written as
= ^ 3?° .36^  d  expf-E, / k B T )  | p  2 2 Q
' 3 he ° '1 1 Q (T ) 1 ;|
where </, is the nuclear spin degeneracy o f the lower state, E, is the lower state energy, 
Q(T) is the total internal partition sum. E, is the transition moment, c is the velocity of 
light, h is the Planck constant, and Icb is the Boltzmann constant. A noteworthy 
characteristic o f the oxygen A-band is the spectral variation o f the temperature 
dependence o f the line strengths as shown in Figure 2.3. At wavelengths near the 
band center (~762 nm), the line strengths decrease with increasing temperature, while 
at wavelengths far from the band center, the line strengths increase with increasing 
temperature. As a result, the response o f the measured A-band absorptivities to
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atmospheric temperature changes will vary from channel to channel. For instance, if 
the temperature o f a homogeneous path is decreased from 250 K. to 180 K, the 
absorptivity in channel 4 (-762 nm) will increase by -20% , while the absorptivity in 
channel 13 (-770 nm) decreases by more than 90%. These types o f changes in the 
channel absorptivities will significantly alter the overall shape o f the A-band as 
illustrated in Figure 2.4. The additional temperature sensitivity gained by measuring 
the relative shape will enhance our ability to accurately retrieve temperature from the 
SAGE III A-band measurements.
2.0
762 nm 763 nm
761 nm
764 nm
766 nm0.5
768 nm
770 nm
0.0
260 280180 200 220 240 300
Temperature, K.
Figure 2.3. Spectral variation o f the temperature dependence o f the molecular oxygen 
line strengths in the A-band. The line strengths have been normalized to 1.0 at a 
temperature of 296 K.
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Figure 2.4. Variation in relative shape o f the molecular oxygen A-band absorption 
spectrum (at the SAGE III resolution) in response to a temperature change o f 70 K. 
The dashed line represents a homogeneous path at 180 K and the solid line represents 
a homogeneous path at 250 K.
The line shape function, _/}(co0j  -o i) ,  takes into account the broadening o f an 
absorption line and provides an estimate o f the relative absorption at a wavenumber 
displaced by coo i -co from the line center. Line broadening is a well-known
phenomenon and discussions o f the various broadening mechanisms can be found in 
most radiative transfer texts [e.g., Liou, 1980; Stephens, 1994]. Two types o f line
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broadening mechanisms are relevant to the SAGE III oxygen A-band absorptivity 
measurements: pressure or collision broadening and Doppler broadening.
Pressure broadening results from reciprocal collisions between absorbing 
molecules and collisions between absorbing molecules and non-absorbing molecules. 
Collision broadening theory is complex and beyond the scope of this work. Simply, 
collisions can randomly alter the internal energy structure o f the molecules producing 
small shifts in the wavelength or frequency of a given transition. The magnitude and 
sign o f these shifts will continually change as a function o f time resulting in a 
broadened absorption line. The probability o f a collision occurring increases with 
increasing molecular number density and, hence, with increasing pressure. Therefore, 
the pressure broadening of absorption lines is most pronounced at high pressures. The 
shape o f a pressure-broadened line is described by the Lorentz line shape function 
[Liou, 1980],
wherea^. is the Lorentz half-width (half width at half maximum) for line i. The
Lorentz half-width is proportional to both temperature and pressure and is defined 
[Liou, 1980] as
where a^. 0 is the Lorentz half-width at some reference temperature, T0, and 
pressure, pQ (usually T0=296 K and po=1013.25 hPa), and /n, is classically ‘A. For
( 2 .2 1 )
{(Ooj-a))2 + a 2.
(2 .22 )
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transitions o f molecular oxygen in the A-band, is larger than '/z (-0.7) and varies 
from line to line.
The other key broadening mechanism that needs to be considered is Doppler 
broadening. The well-known Doppler effect, an observed shift in frequency that 
occurs due to the molecular motions along the line o f sight, gives rise to Doppler 
broadening. Air molecules have a wide range of velocities that can be described by a 
Maxwell-Boltzmann distribution. Corresponding to this distribution of velocities, a 
range o f Doppler shifts in the frequency of the absorption occurs producing a 
broadened line. The Doppler line shape can be described by a Maxwell-Boltzmann 
distribution function o f the form [Liou, 1980]
where c is the velocity o f light, ks is the Boltzmann constant, and ma is the molecular 
mass o f the absorber.
To estimate the relative importance of each broadening mechanism as a 
function o f altitude, the magnitudes o f the Lorentz and Doppler half-widths for 
selected molecular oxygen absorption lines in the A-band spectrum were compared. 
Pressure broadening is the dominant line broadening mechanism in the lowest 5 km of 
the atmosphere where pressures are high, while Doppler broadening is the dominant
(2.23)
where d p .  is the Doppler halfwidth defined as
2kBT\n2 (2.24)
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mechanism in the upper atmosphere where pressures are low. The transition between 
the pressure broadening regime and the Doppler broadening regime occurs in the 10- 
15 km altitude range. In the transition region, both pressure and Doppler broadening 
must be considered. The Voigt line shape function, a convolution o f the Lorentz and 
Doppler line shape functions, accounts for the simultaneous occurrence of both of 
these broadening mechanisms and will be adopted for use in our forward model. The 
general expression for the Voigt line shape is [Schreier, 1992]
J y i (coo i  - c o )  = 1
<*Di
In 2 x  .2
The expressions for x and y are defined as
y  I . ,2.25,
X - v y 2 +(.X-t)
((Oo i -QJ)
x = J \ n 2 — ^ ------- (2.26)
<*Di
v = - ^ M n 2  , (2.27)
«Dt
where a  and a  p. are the previously defined Lorentz and Doppler half-widths,
respectively. The parameter .r is a measure of the wavenumber relative to the line 
center and the parameter y  is a measure o f the broadening regime (pressure or 
Doppler). Note that at the high pressure limit, the Voigt profile will approach the 
Lorentz line shape, while at the low pressure limit, it approaches the Doppler line 
shape. A variety o f computational procedures exist for the Voigt function. See 
Schreier [1992] for a comparative study o f a number o f these Voigt procedures.
By combining equations 2.13, 2.14, 2.15, 2.16, 2.17, and 2.19, an expression 
for the SAGE III oxygen A-band slant path absorptivity measurements can be derived
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that illustrates the complex nature o f their temperature and pressure dependence. The 
result is
A co z,
AN (z,) = \ ---------------------------- L_£
D M
Vco™ + XCh Z  $ i  (T ) f y .  ( T , p , c o )  
" * = l kBT{z)dz
j I w ('&)'¥ N(co)da)
A Cl)
(2.28)
where all spectral parameters are now expressed in terms of wavenumber for 
convenience. It should be noted that although the only unknowns in Equation 2.28 are 
the temperature and pressure, a direct inversion of the measurements to retrieve 
profiles o f temperature and pressure is not feasible due to the highly non-linear nature 
o f this dependence. Instead, a non-linear procedure will be used that iteratively 
determines adjustments to trial solution profiles o f temperature and pressure by 
minimizing the residuals between the measured A-band absorptivities and a set o f 
modeled absorptivities. In the next section, the methodology for the calculation o f 
these modeled absorptivities will be presented.
2.4 Forward Calculations o f Oxygen A-band Absorptivity
The ability to retrieve accurate temperature and pressure profiles from the 
oxygen A-band measurements depends not only on the accuracy of the SAGE III 
measurements themselves, but also on an accurate forward model as well. The 
forward model o f the SAGE III oxygen A-band measurements is based on the 
expression for /I,v(-r) given in Equation 2.28. This is a complicated expression that 
involves both integration along the atmospheric path and integration over
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wavenumber. A complete set o f modeled measurements for a single SAGE III 
occultation event requires the calculation o fAN(z, ) 1260 times (14 channels x 90 
altitudes). In addition, due to the non-linearity o f the problem, the retrieval must 
iterate the forward calculations until the radiative transfer model matches the 
measurements to within some convergence criteria (typically several iterations are 
required per retrieval). As a result, the calculation o f the modeled absorptivities is a 
very computationally intensive process. Obviously, a method that is both accurate and 
efficient is required to perform these forward calculations.
As previously noted, the A-band slant path absorptivity measurements to be 
used in the temperature and pressure retrievals consist o f both Rayleigh scattering and 
molecular oxygen absorption components. The Rayleigh scattering component is 
much easier to model than the molecular oxygen component o f the measurements. As 
a result, it is advantageous to calculate these two components separately in the forward 
model and then combine them to produce the desired composite channel 
absorptivities. The separation o f the absorptivities into their respective Rayleigh and 
oxygen components is readily accomplished by rewriting Equation 2.28 in terms of 
transmissivities as
AN (zt ) = 1 -  7 ^ ( z t ) 7 ° 2 (z , ) , (2.29)
where the Rayleigh transmissivity, 4 ay(zt ) , is defined as
I / w(=o)^v(«y)exp
^ l ) = —
7 dl ,
J a a) nair ^  d -  
zt
ddJ
(2-30)
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and the molecular oxygen transmissivity, (z, ) ,  is defined as
( / a M n V M e x p - j  -  (” k% '-Zo2nair ~  d:
7 0 2(.  U &
jn  y-t>-
dco
Aco
(2.31)
Strictly speaking, Equation 2.29 is only valid for monochromatic radiation. However, 
as will be shown in Section 2.4.2, the lack o f spectral structure in the Rayleigh 
scattering transmissivities across the A-band allows the absorptivities to be expressed 
in this form. The two expressions given by Equations 2.30 and 2.31 form the basis for 
the separate Rayleigh and molecular oxygen forward models, respectively.
2.4.1 Atmospheric Model
An atmospheric model is required to perform the slant path integration that is a 
fundamental element o f the forward calculations for both the Rayleigh scattering and 
oxygen absorption components. The atmosphere is modeled as a set o f spherically 
symmetric, homogeneous shells as illustrated in Figure 2.5. There are a total of 90 
shells, each with a thickness o f 1 km, with the top shell centered at an altitude of 
90 km and the bottom shell centered at 1 km. Each shell is assigned a temperature and 
pressure value based on the current trial solution temperature and pressure profiles. 
The molecular oxygen volume mixing ratio is constant at all altitudes. For a given 
tangent path, the atmospheric model is used to divide the path into a sequence of 
contiguous segments coinciding with the shell boundaries. Each segment is
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SAGE III Sun
90 89 . . . 2 1 Shell
Figure 2.5. Atmospheric path model for the SAGE III temperature and pressure 
retrievals. £,y is the path length through shell j  o f the slant path specified by tangent 
altitude /.
approximated as a homogeneous layer with the same temperature and pressure as the 
shell the segment is passing through. The path length o f each segment defines the 
integration step size and therefore must also be included in the model. Although the 
slant path is depicted in Figure 2.5 as a straight line, it actually experiences refractive 
curvature due to gradients in density in shells close to the Earth’s surface. These 
refractive effects act to increase the path length relative to a non-refracted path and 
can be significant in shells below approximately 15 km. The path lengths are 
calculated using the formulation developed by Chu [1983] that accounts for refractive 
curvature by application of Snell’s law to spherical atmospheres. The result is a path
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length matrix, L, where Lij is the path length through shell j  o f the slant path specified 
by tangent altitude i (see Figure 2.5). Mathematically, Ly is defined as
As a result of the spherical symmetry in the model atmosphere, the atmospheric 
properties along any given slant path are symmetric about z,. An entire tangent path 
can then be modeled by simply doubling the path from the top o f the atmosphere to 
the tangent point. The individual components o f the path length matrix will be 
doubled to account for this symmetry. The path integration along any tangent path 
will always begin with the outermost layer and end with the tangent layer.
2.4.2 Rayleigh Scattering Component
As discussed earlier, the Rayleigh cross section is independent o f temperature 
and pressure (and therefore path independent), but has a well-known wavelength 
dependence As a result o f this wavelength dependence, the magnitude of the
Rayleigh cross section varies with wavenumber across the A-band spectral region as 
illustrated in Figure 2.6. Within a given A-band channel, the Rayleigh cross section 
changes by less than 1% and can be reasonably approximated by a mean value 
representative of the channel’s spectral range. In this manner, the wavenumber 
integration can now be eliminated in Equation 2.30 and the Rayleigh transmissivity is 
given by the simple expression
( d l \
h  = T  •
V j i j
(2.32)
az
(2.33)
-i
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Figure 2.6. Variation o f the cross section for Rayleigh scattering in the A-band.
p ...
where <r v ' is the mean Rayleigh cross section in A-band channel N. The Rayleigh
component of the modeled A-band slant path absorptivities will be calculated by the 
numerical evaluation of Equation 2.33 utilizing the atmospheric model for the path 
integration. The mean Rayleigh cross sections will be estimated using the method 
devised by Bucholtz [1995] whose formulation has a demonstrated precision o f 0.1% 
in the A-band spectral region.
2.4.3 M olecular Oxygen Com ponent
The molecular oxygen slant path transmissivity defined in Equation 2.31 can 
be expressed in terms of absorptivity as
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j /^ (cc O ^ V M ex p j-  \ k ^ 1x o 2na i r - r d- \ da>
dz-t
I la {*>)yVN (aj)dco
(2.34)
Both the exoatmospheric solar radiance, / ft,(oo), and the instrument spectral response 
function, kV ^{qj) are path-independent quantities that can be easily computed at the 
appropriate wavenumber from pre-existing databases. The exoatmospheric solar
Kunicz [1995]. The variation of the solar radiance across the A-band computed from 
the Kurucz database is depicted in Figure 2.7. The instrument spectral response 
function characterizes the electronic response o f an individual channel based on the 
optical properties of the CCD, including the instrument optics, stray light propagation 
from other regions o f the CCD, and etaloning effects within the CCD substrate. These 
various effects have been measured by the manufacturer (Ball Aerospace) and 
combined to produce the response functions for each channel. In the A-band spectral 
region, there is little variation in the instrument response from channel to channel. An 
example of the response function (normalized to 1.0) for one o f the A-band channels is 
shown in Figure 2.8.
By far the most complex and time-consuming element o f the forward model is 
the calculation o f the molecular oxygen cross sections. As shown in Equation 2.19, 
the monochromatic molecular oxygen cross section is the sum of the contributions 
from all absorption lines in the vicinity. The individual cross section contributions, in 
turn, are the product of the line strength, 5,(7]), and the line shape function,
radiance values will be derived from a high-resolution (1 cm '1) database compiled by
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Figure 2.7. Spectral variation o f the exoatmospheric solar flux in the A-band.
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Figure 2.8. SAGE III instrument response function for oxygen A-band channel 7 
(~764.5 nm).
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f i ^ o j  ~ Q)) ■ For the sake o f accuracy, all 290 molecular oxygen absorption lines in
the A-band will be considered in the cross section calculations. The line strengths will 
be evaluated in terms o f a reference line strength, S(T0), using the relation [Gamache 
et al., 1998]
where the total internal partition sums, Q(T), are the product o f the vibrational and 
rotational partition sums and a stimulated emission term. Q(T) are determined using 
the TIPS (total internal partition sums) routines developed by Gamache et al. [1990]. 
The Voigt line shape (Equation 2.26) will be used for the line shape function and 
numerically evaluated with the Draysort [1976] routine. The molecular line 
parameters necessary for these cross section calculations will be obtained from the 
HITRAN96 compilation [Gamache et al., 1998]. These parameters include the 
reference line strengths at a standard temperature, Sj(T0), lower state energies, E„ 
Lorentz half-widths at a reference temperature and pressure,a 0 , and the exponents
of temperature dependence of the Lorentz half-widths, m,. The uncertainties 
associated with these parameters and their effect on the accuracy o f the temperature 
and pressure retrievals will be discussed in Chapter 4. To accurately account for the 
inherent high-frequency spectral variability o f the absorption cross sections in the A- 
band, the wavenumber integration must be carried out over very narrow spectral 
intervals when computing the channel averaged absorptivities. In practice, a
wavenumber integration step size on the order o f ao/5 (~ 2 x l0 _3cm_1) is sufficient
(2.35)
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to fully resolve the oxygen A-band absorption spectrum. An example o f the oxygen 
cross sections calculated at this spectral resolution for a temperature and pressure 
typical o f the middle stratosphere (~20 km) is shown in Figure 2.9.
The most o f accurate approach for calculating the channel-averaged molecular 
oxygen absorptivities would be the so-called line-by-line method. In this procedure, 
the molecular oxygen cross sections are first computed in very narrow spectral 
intervals as described above and then integrated over the atmospheric path to produce 
“monochromatic” slant path transmissivities. The transmissivities are then combined 
with the exoatmospheric solar radiance and instrument response function and 
integrated over wavenumber to produce the channel-averaged slant path absorptivities. 
This method, however, is far too time-consuming for operational processing as will be 
illustrated in the following two examples.
The first example is for a simple case o f a homogeneous atmospheric path. 
The molecular oxygen absorptivity for a homogeneous path can be expressed as
where u is the molecular oxygen optical mass, which for a homogeneous path is 
defined as
Here, L is the length o f the homogeneous path and the product ZC hnair ls [he 
molecular density o f oxygen in the path. The optical mass can be thought o f as the
J I a  (x  ( oj ) exp {- k % 2 u  \ l ( o
J / ty(co)4V(<y)<to
(2.36)
U =  X 0 2 n a i r L  ■ (2.37)
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Figure 2.9. Molecular oxygen A-band absorption cross sections calculated at a 
spectral resolution of ap/5 (~2xl O'3 cm’1) for a temperature and pressure 
representative o f the middle stratosphere (T=250 K, p=50 hPa).
total number o f oxygen molecules in a column of air with unit cross section and length 
L. Using Equation 2.36, sample calculations of the channel absorptivities for a 
homogeneous path were performed using rigorous line-by-line radiative transfer code 
at a spectral interval of ao/5. The homogeneous path conditions were set to those 
typical o f a tangent shell in the stratosphere (L=150 km, T=250 K, and p= 50hPa). 
Although the path integration was avoided in this case by the assumption of a 
homogeneous path, the channel absorptivity computations took over four minutes to
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complete on a Sun Ultra-2 workstation and required approximately 390,000 cross 
section calculations.
For the more realistic case o f an inhomogeneous atmospheric path, the 
expression for the molecular oxygen absorptivity becomes
where in this case u(/) is the optical mass in each homogeneous path segment, dl. For 
this example, an inhomogeneous path at a tangent altitude of 20 km was simulated as a 
sequence o f 71 homogeneous segments using the atmospheric model with a typical 
temperature and pressure distribution. Sample calculations of the channel 
absorptivities for this inhomogeneous path were performed using the same rigorous 
line-by-line code used in the homogenous case and at the same spectral resolution. 
However, the calculations for the inhomogeneous case took over 200 times longer due 
to the added complexity o f the path integration. The computer-intensive nature of 
line-by-line radiative transfer calculations makes this approach impractical for the 
forward model calculations o f molecular oxygen absorptivity.
An alternative numerical approach to calculate broad band absorptivity for 
inhomogeneous paths at both the speed and accuracy necessary for operational data 
processing is the Emissivity Growth Approximation (EGA). The EGA method was 
first suggested for transmittance calculations by Weinreb and Neuendorjfer [ 1973] and 
later reformulated for emissivity calculations by Gordley and Russell [1981]. The 
technique has proven successful for operational forward model calculations in a
J /<y(°o)4V(<y)exp« -  \k ^ -u { l)d l >dco
\ l QJ{ c c )^ N {co)d(o
.___-t (2.38)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
number o f limb viewing satellite experiments [Chu et al., 1993; Marshall et al., 1994]. 
A description o f the EGA technique and its application to the SAGE III forward model 
calculations o f molecular oxygen slant path absorptivity now follows.
The EGA technique gains its computational speed by allowing the channel- 
averaged absorptivities to be calculated incrementally over the slant path without 
performing the time-consuming integration over wavenumber. A given slant path 
through the atmosphere is approximated as a sequence o f homogeneous segments that 
coincide with the atmospheric model’s shell boundaries as described earlier (see 
Figure 2.3). The channel-averaged absorptivity for any homogenous path (Equation 
2.36) can be represented by an absorption function, 71, which is defined in terms of 
temperature, pressure, and optical mass as
7l = 7 l{ T ,p ,u )  . (2.39)
A one-time core database of 71 is produced for the A-band channels over a range of 
temperature, pressure, and optical mass values representative of the atmospheric 
conditions SAGE III will encounter. A value o f 71 for any specific combination o f 
temperature, pressure, and optical mass is found by interpolation within this database.
Similarly, an optical mass function, Qt. is defined in terms o f temperature, pressure,
and absorption as
nt = Q t{T ,p ,71) . (2.40)
With this function, a value o f optical mass for any combination of temperature, 
pressure, and absorptivity can also be determined by interpolation from the core 
database.
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The total amount o f solar radiation absorbed by molecular oxygen in any of the 
A-band channels increases as the solar beam travels from layer to layer along any slant 
path through the atmosphere. The key to the EGA technique is the assumption that 
this increase or “growth” in absorptivity can be approximated by successively re­
scaling the optical mass in each homogeneous segment along the modeled path. A 
simple slant path model consisting of just two homogeneous layers (see Figure 2.10) 
will be used to illustrate how this procedure works. The temperature, pressure, and 
optical mass within each layer are designated as T/, pi, u/ and 7%, p:, uj, respectively. 
Let 71\ be the absorptivity suffered by radiation in a given A-band channel after 
traversing layer 1. The value o f 7l\ is determined by evaluating the absorptivity 
function for the homogeneous conditions in layer 1, i.e.
Jl, = p \ ,u \ ) . (2.41)
Now let 7li denote the total slant path absorptivity suffered after traversing both layer 
1 and layer 2. Obviously, vfr must depend not only on the conditions o f layer 2, but 
also on the conditions o f layer 1 since a fraction o f the absorptivity took place in that 
layer. The crucial step in the approximation is accurately accounting for 7!\ when 
calculating Hi. The EGA accounts for the absorptivity in the first layer by re-scaling 
the optical mass in layer 2 by an amount 112 defined as
ui=Q({T2,P2,3li) ■ (2.42)
As can be seen, ih  is the value of optical mass required to produce the magnitude of 
absorptivity observed in layer 1, but at the temperature and pressure conditions o f
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7!\=7KT , , p ,  ,U ]) ^ 2=^(T2, p i  , U t+  lb )
Layer 1 Layer 2
Io ------------> u,= Q/(J2, P2,57]) ------------► I2
T , ,p | ,u , T2, p 2, u 2
I2 = Io x { 1 - 37(T2, P o , U r f  U t) }
Figure 2.10. Example o f the EGA method for calculating slant path absorptivity in 
the simple case of two homogeneous layers. See text for discussion.
layer 2. The total absorptivity for both layer 1 and layer 2 is then determined by 
evaluating
71, -  JUTi,P2i ll2 +m2) • (2-43)
The quantity ih  + to  can thought o f as the effective optical mass for conditions T2, 
p: because solar radiation traversing a single homogenous path with conditions T;, p:, 
ih  +£<2 wiH suffer the same absorption as solar radiation traversing layers 1 and 2 in 
the example. The extension o f the procedure to compute the total slant path 
absorptivity for a slant path consisting of M layers is straightforward. The procedure 
always begins with the outermost layer of the tangent path and is simply repeated until 
the absorptivity through all M layers has been accounted for.
Using the EGA formulation described above, a complete set o f modeled 
absorptivities (1260 measurements) were calculated in just over 10 seconds
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computation time. This remarkable improvement in computational speed over the 
line-by-line code is gained by making extensive use o f a pre-calculated database of 
channel-averaged absorptivities. The database is generated by the numerical 
evaluation o f Equation 2.36 using rigorous line-by-line radiative transfer code and 
contains molecular oxygen absorptivities for all 14 SAGE III A-band channels over a 
range of temperature, pressure, and optical mass values. A set o f interpolation tools 
were developed for navigating within the database to determine values o f ^ (7 \ p ,u) 
andQ/{T, p , Jl) for any conditions encountered.
The accuracy of the EGA technique depends on the accuracy of the pre­
computed database and its associated interpolation tools and the overall accuracy of 
the technique when applied to inhomogeneous atmospheres. As noted by Gordley and 
Russell [1981], the EGA method is exact for monochromatic absorptivity. When 
applied to channel-averaged absorptivity, however, the method relies on the 
assumption that the modeled absorption spectrum for the conditions in any layer along 
the path is similar to the true spectrum. This is a reasonable approximation for limb- 
viewing experiments such as SAGE III, where most o f the absorption occurs in a 
narrow height range heavily weighted near the tangent shell. In this case, by 
beginning the calculations at the outermost shell and ending at the tangent shell, the 
modeled absorption spectrum will be weighted by the tangent shell conditions and 
therefore should be a good approximation to the true spectrum. The potential sources 
o f uncertainty have been investigated by comparisons o f the EGA calculations to line- 
by-line calculations and will be discussed in Chapter 4.
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Figure 2.11. Modeled SAGE III profiles o f combined molecular oxygen and 
Rayleigh slant path absorptivity for all fourteen A-band channels.
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Figure 2.12. Modeled SAGE III spectra o f combined molecular oxygen and 
Rayleigh slant path absorptivity for selected tangent altitudes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
The molecular oxygen and Rayleigh components are combined using Equation 2.29 to 
produce the modeled composite A-band channel absorptivities used in the retrievals. 
For illustrative purposes, example profiles o f these modeled slant path absorptivities 
for the A-band are shown in Figure 2.11. In Figure 2.12 are examples o f the modeled 
A-band absorption spectrum for selected tangent altitudes.
2.5 C hapter Sum m ary
The focus o f this chapter has been the derivation o f the operational forward 
model for the SAGE III temperature and pressure retrievals. In the process of this 
derivation, the theoretical basis o f the SAGE III oxygen A-band absorptivity 
measurements was described and their temperature and pressure dependencies were 
explored in detail. Then the last section o f the chapter, an efficient computational 
procedure to perform the forward model calculations has been outlined. In Chapter 3, 
the forward model tools developed in this chapter will be combined with a numerical 
inversion procedure to produce an algorithm to retrieve profiles o f temperature and 
pressure from the A-band measurements.
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CHAPTER III
THE RETRIEVAL ALGORITHM
The retrieval algorithm is the numerical procedure used to determine profiles 
o f temperature and pressure from the SAGE III A-band channel absorptivity 
measurements. As illustrated in Chapter 2, the magnitude and spectral variation of 
the A-band absorptivity measurements depend on the atmospheric temperature and 
pressure distribution in a complicated, non-linear fashion. As a result o f this non- 
linearity, temperature and pressure profiles cannot be determined using direct 
inversion techniques. Instead, the retrieval problem must be solved using an iterative 
approach. Numerous methods have been developed to solve non-linear inversion 
problems [e.g. Twomev, 1977; Rodgers, 1976]. Typically, some form of Newtonian 
iteration is employed where the measurement model (i.e. Equation 2.28) is linearized 
by expanding it as a Taylor series about a guessed value of the solution. The problem 
then becomes a minimization problem that can be solved iteratively for successive 
adjustments to a trial solution by minimizing the residuals between the measurements 
and forward model calculations.
For limb viewing experiments such as SAGE III, the retrieval typically 
proceeds one altitude or layer at a time starting with the outermost layer. This so-
56
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called onion peeling approach was first suggested by McKee et al. [1969] and has been 
applied successfully to retrieve profiles o f the molecular density o f trace gases from 
solar occultation measurements by SAGE [Chu and McCormick, 1979] and SAGE II 
[Chu et al., 1993]. One disadvantage o f the onion peeling technique is that small 
errors in the retrieved parameters in one layer o f the atmosphere are propagated down 
to lower layers. To avoid this error propagation problem, Carlotti [1988] developed 
the global fit method to retrieve atmospheric constituents from limb measurements by 
simultaneously fitting the measured absorptivity spectra from all channels and all 
tangent altitudes. In this chapter, a methodology based on the global fit approach will 
be developed to perform the temperature and pressure retrievals from the SAGE III 
oxygen A-band measurements. To demonstrate the validity o f the approach, simulated 
retrievals using synthetic measurements are presented. These simulation studies will 
be utilized to examine various aspects o f the retrieval algorithm and to illustrate the 
robust nature of the retrievals for a wide range of atmospheric conditions.
3.1 Formulation of the Retrieval Algorithm
In the global fit approach, a scalar merit function, %2 , is defined as
where A™ is the measured A-band slant path absorptivity for a given channel and 
tangent altitude with associated measurement uncertainty cr, , Ac. is the corresponding
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modeled absorptivity calculated using the forward model, a is the vector o f 
temperature and pressure values from a trial solution set of profiles, and M is the total 
number o f measurements from all channels and tangent altitudes (nominally M=1260). 
The merit function is simply the sum of the squares o f the differences between the 
measured and modeled absorptivities weighted by the corresponding measurement 
uncertainty. Profiles o f best-fit temperature and pressure values are determined by the 
minimization o f this merit function. However, due to the non-linearity o f the problem, 
the minimization must proceed iteratively.
An updating equation can be defined in terms of the gradient o f £  with respect 
to the temperature and pressure parameters as follows
where a* are the trial solution temperature and pressure values at each tangent altitude
curr (3.2)
and Acik are the desired adjustments to the trial solution that will minimize • / .  We
make the basic assumption that V ^2 vanishes when % is a minimum (V ^ 2^  =0 ), so
the updating equation can be reduced to
^’Xcurr ~ (3.3)
j
Based on the expression for f  in equation 3.1, has the components
7 7
(3.4)
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Taking an additional derivative with respect to the temperature and pressure 
parameters, a*, yields
g  1 [ d A f w s A f w  r , . , j a 2^ ( a ) l
&>* £ ,* ? {  Saj *  A <a)i& A T |  ' (3'5)
By convention, the factors o f 2 in Equations 3.4 and 3.5 are typically eliminated by 
defining
_ , „ r ,  » \ A r - A f W \aA?
r }  d a ,
and
P j ^ - ^ X 2 = S ^ - - 7 -vayj " f (a) (3.6)
/=I c ,“ 5 -
a  .  -  | >  -  A f w p f ™  1 . (3.7)
-  S a k  , = i c t ,-  |  & ,  )
Both a  jk and f i j  depend on the partial derivatives o f the slant path absorptivity
with respect to the individual temperature and pressure parameters, ay. These 
derivatives are calculated numerically by the method of finite differences using the 
formula
dAf  (a) ^ Af  (a + g) -  Af  (a) 
daj s
where a, is the temperature or pressure parameter to which the derivative is to be taken 
and e is a perturbation to that parameter. The magnitude o f e  was chosen through trial 
and error to be 1% o f a*. Note that a jk also depends on the second derivative of the 
absorptivity with respect to the temperature and pressure parameters. The second 
derivative, however, is multiplied by the factor A f  - A f (  a ) , which is just the residual
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between the measured and modeled absorptivity. As the solution is approached, this 
residual becomes small and, as a result, the term containing the second derivatives is 
negligible when compared to the term involving the first derivative and is not retained 
for the calculations. In practice, the accuracy o f the a terms has little effect on the
determination o f the final temperature and pressure profiles, but only affects the 
iterative path taken to arrive at the solution.
With the definitions o f aj/. and f i j  given above, the updating expression
(Equation 3.3) can now be rewritten as the set of linear equations with N unknowns
Pj  = jt^cc jk Aak . (3.9)
In matrix-vector notation, this set o f equations can be written as
b = KAa , (3.10)
where b is a vector with components $ ,  K is the kernel matrix with elements or,*, and 
Aa is the vector whose components are the unknown temperature and pressure 
adjustments, Aak. The general solution to this set o f equations is
Aa = art+1 -  a" = K-1b (3.11)
where K'1 indicates the matrix inverse o f K and the superscripts n and n+1 indicate 
iterated solutions for the temperature and pressure profile vector (after each iteration, 
the temperature and pressure adjustments, Aa, are added to a trial solution profile of
temperature and pressure, an, to produce a new trial solution profile, an+l).
A modified Levenberg-Marquardt non-linear least squares procedure
[Levenberg, 1944; Marquardt, 1963] will be used to iteratively solve this linear set o f
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equations. The Levenberg-Marquardt method is a well-known minimization 
procedure that has become the standard o f non-linear least squares routines [Press et 
al., 1992] and its application to the retrieval o f atmospheric parameters from limb 
measurements has been demonstrated by Carlotti [1988] and Wang et al. [1992]. A 
distinct advantage o f this approach is its ability to smoothly alternate between two 
different minimization methods as conditions warrant. Initially, when far from the 
minimum, the Levenberg-Marquardt method takes large steps using the steepest 
descent method to minimize f  and then gradually changes to the more refined 
inverse-Hessian method as the minimum in %  is approached. Adopting the 
Levenberg-Marquardt scheme, the temperature and pressure adjustments are 
determined by solving a modified linear system defined by
Aa = (K + Al)”1 b . (3.12)
In this expression, I is the identity matrix and A is the Levenberg-Marquardt constant 
that controls the minimization path taken. For very large values o f A, the formulation 
reduces to the steepest descent method; for very small values o f A it reduces to the 
inverse-Hessian method. Press et al. [1992] provides insight into the initial choice o f 
A and how to reduce it as the minimum is approached. In our implementation, A is 
initially set to a value of 0.1 and is reduced by a factor o f 10 after each successful 
iteration.
One of the strengths o f the Levenberg-Marquardt method is the ability to 
directly estimate the errors in the retrieved parameters. Once the retrieval has
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converged, the covariance matrix o f the standard errors in the retrieved temperature 
and pressure parameters is determined by setting ?i=0 and computing
C = K -1 . (3.13)
The diagonal elements o f C are the variances (squared uncertainties) in the retrieved 
temperature and pressure values, while the off-diagonal elements are the covariance 
between the retrieved parameters. The covariance provides information on inter-level 
correlations between errors in the retrieved temperature and pressure values. It is 
important to note that the information contained in the covariance matrix is 
meaningful only if the estimates o f uncertainty in the measured absorptivities, o;-, are 
realistic assessments for that particular retrieval scenario. These uncertainties include 
both random measurement noise and the error in removing the interfering aerosol and 
ozone components from the oxygen A-band signal. The impact o f random noise on 
the retrievals is examined through simulation studies later in this chapter. A more 
formal treatment o f these uncertainties and their affects on the temperature and 
pressure retrievals is found in Chapter 4.
3.1.1 Convergence Test
A suitable convergence test is required to terminate the iteration process. 
Press et al. [ 1992] recommends stopping the Levenberg-Marquardt process when the
decrease i n / “ between successive iterations becomes negligible. In simulated
retrievals, little improvement is found in the solution w h e n /2 decreases by less than 
1% and therefore the retrievals are terminated when this criterion is met. An increase
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in / “ does not generally indicate convergence; however, there are some occasions 
where its value will actually increase just as the minimum is reached. To avoid 
excessive iterations in these cases, the actual magnitude of / 2 can als° be used as an 
indicator o f convergence. For randomly distributed measurement errors, the / “ 
statistic has a mean v and a standard deviation V2v , where v is the number o f degrees
of freedom [Press et al., 1992]. A typical value o f / “ for a “good” fit is In our 
case, there are M measurements (1260) and N parameters to fit (180), resulting in v = 
M — N = 1080 with a standard deviation, V2v =47.5. Based on th e s e /2 statistics, I
have defined an additional convergence test: if the value o f / 2 increases between 
successive iterations, but its magnitude is within one standard deviation of v, then the 
retrieval is considered converged and iteration will terminate.
The typical progression of / “ and the root-mean-square (rms) differences 
between the “true” and retrieved temperature and pressure profiles are shown in 
Table 3.1. Based on the convergence criteria established above, the retrieval would 
have terminated after the fourth iteration (bold row of values in Table 3.1) when the
relative decrease in / 2 between successive iterations dropped below the 1% criterion.
At this convergence point, / " =  1101.62 which is well within one standard deviation 
o f its mean indicating a “good” fit. Although the rms temperature and pressure 
differences actually reach their minimum one or two iterations before the convergence 
criterion is met, the values at the convergence point are not significantly different from
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the minimum values. Some non-linear inversion techniques will tend to wander away 
from an optimal solution if allowed to iterate too long [Rodgers, 1976]. The 
Levenberg-Marquardt inversion procedure converges to a stable solution as illustrated
by the essentially constant % and rms values after the fourth iteration.
Table 3.1. Typical progression of x2 and rms differences during minimization
process. See text for discussion.
Iteration
------------- 15------------
X" -)
i
X5
AT(rms)
K
Ap(rms)
hPa
0 1,82e+6 - 21.23 8.61
1 24486.60 0.99 10.45 0.932
2 1207.10 0.95 8.98 0.60
3 1107.72 0.08 9.89 0.25
4 1101.62 5.5e-3 10.24 0.27
5 1101.40 2.0e-4 10.41 0.26
6 1101.59 -1.7e~4 10.49 0.26
7 1101.58 9.1e-6 10.43 0.26
8 1101.56 1.8e-5 10.43 0.26
9 1101.35 1.9e-4 10.43 0.26
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3.1.2 First-guess Temperature and Pressure Profiles
The retrieval algorithm requires first-guess temperature and pressure profiles to 
begin the iteration process. Operationally, the first-guess profiles will be derived from 
the NOAA global analyses in a similar procedure as described in Section 1.2 o f 
Chapter 1. Temperature and pressure profiles for each SAGE III measurement 
location will be produced from the NOAA operational global analyses. Above 40 km, 
these profiles will be supplemented with data derived from the GRAM-95 
climatological model [Justus et al., 1995]. The sensitivity o f the retrievals to the first- 
guess profiles will be examined later in this chapter. A schematic overview o f the 
complete retrieval process is shown in Figure 3.1.
3.2 Simulation Studies
The retrieval algorithm together with the forward model developed in 
Chapter 2 form the basic tools necessary to simulate realistic SAGE III temperature 
and pressure retrievals. In lieu o f actual measurements (the first SAGE III instrument 
is not scheduled for launch until late 1999), synthesized measurements will serve as 
the primary means to validate the retrieval approach. In this section, a series of 
simulated retrievals are presented to demonstrate the feasibility o f the approach and to 
assess its capabilities under a variety of conditions.
To accurately evaluate the expected performance of the retrieval algorithm, the 
simulation procedure should mirror the planned operational retrieval process as 
closely as possible. Ideally, synthetic measurements o f  the “true” atmosphere should 
be modeled using high-resolution temperature and pressure profiles that possess the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
No
Yes
Stop
YesNo Convergence Test
Evaluate x (a+Aa)
Solve linear equations for Aa
Calculate Covariance 
Matrix C
Increase A. by a factor of 10
Update Trial Solution 
3+Aa --> a; 
Decrease A. by factor of 10
GRAM 95 T,P Profiles: 
a(T0,Po)
Input First Ciuess NoAA/
Compute x (3); 
Set X—Xn
Figure 3.1. Flow diagram of the SAGE III temperature and pressure retrieval algorithm.
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fme-scale vertical structure inherent in the real atmosphere and the NOAA/GRAM95 
profiles should be used as the first-guess temperature and pressure distribution. 
Unfortunately, the availability of high-resolution temperature and pressure 
observations over the full altitude range o f the SAGE III measurements is very 
limited. We do, however, have the capability to produce composite NOAA/GRAM95 
profiles for essentially any desired location and time of year. Therefore, the 
NOAA/GRAM95 profiles will be used to model the “true” atmosphere for a series of 
simulation test cases that encompass a wide range of geographic regions and seasons. 
Temperature and pressure profiles derived from model atmospheres for 60° latitude in 
January and July [U.S. Standard Atmosphere Supplements, 1966] will substitute as the 
first-guess profiles in these test cases.
One set o f high-resolution temperature and pressure data that is a combination 
of nearly coincident radiosonde and falling sphere observations was successfully 
obtained. These data will be utilized to evaluate the retrieval algorithm’s ability to 
resolve small-scale structure in the atmosphere and to examine the sensitivity o f the 
retrieval to the NOAA/GRAM95 first-guess profiles.
3.2.1 Selection of Test Cases
A variety o f different atmospheric states were selected for simulation. These 
atmospheric states represent the range o f meteorological conditions that SAGE III is 
expected to encounter. The “true” atmosphere in each test case consists of 
temperature and pressure profiles selected visually from hundreds o f individual 
NOAA/GRAM-95 profiles to represent a specific atmospheric situation. Most o f the
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TABLE 3.2. Test Cases for Simulation Studies
Case Geographic Region Season Latitude Date
1 Arctic Winter 80 N Jan. 4, 1994
2 Arctic Winter
(Strat.Warming)
80 N Feb. 24, 1989
3 Arctic Summer 80 N Jul. 2, 1989
4 Tropics Spring Equator Mar. 12, 1989
5 Antarctic Summer 80S Jan. 1, 1993
6 Antarctic Winter 80S Jul. 3, 1989
test cases are representative of high latitude situations, primarily because these regions 
tend to exhibit more variability than other latitudes. Variability is typically small in 
the tropics and here just one case is used to represent the whole year. The atmospheric 
situations selected for these simulations are listed in Table 3.2. The Arctic winter 
atmosphere (case 1 in Table 3.2) was chosen as the baseline “true” atmosphere and 
will be used to examine the basic performance of the retrieval algorithm. The 
additional test cases will be used to evaluate the robustness o f the retrieval algorithm 
for a wide range o f atmospheric conditions.
3.2.2 Noise-free Measurements
The most basic test o f the retrieval algorithm is its performance with simulated 
measurements that are noise-free. This simple test provides a measure o f potential
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biases or errors in the inversion process. Synthetic noise-free measurements were 
generated with the forward model for the Arctic winter test case and used as input to 
the retrieval algorithm. In truth, the measurements are noise-free only to machine 
precision and quadrature; however, any numerical error due to these effects should be 
negligible compared to the expected measurement error. The results o f this simulation 
are shown in Figure 3.2. This four-panel format will be used to display the results of 
all the simulation studies. The first-guess, “true”, and retrieved temperature profiles 
are depicted as the dotted, dashed, and solid lines in panel (a), respectively; while the 
actual differences between the “true” and retrieved temperature profiles are illustrated 
in panel (b). The first-guess, “true”, and retrieved pressure profiles and differences are 
similarly displayed in panels (c) and (d). With noise-free measurements, the retrieval 
is able to recover the original or “true” temperature profile to within 0.05 K at all 
altitudes. The retrieved pressure values are within 0.03% of the “true” values at all 
altitudes. This near-perfect agreement between the true and retrieved parameters 
indicates that the inversion algorithm is introducing negligible bias into the solution.
3.2.3 Realistic Measurements with Noise
In practice, the retrieval is expected to produce useful temperature and pressure 
profiles with measurements that contain noise. To simulate realistic measurements, a 
component o f random noise is added to the synthetic measurements generated with the 
forward model. The random noise is assumed to be Gaussian with a standard 
deviation based on an estimated signal-to-noise ratio o f 3000 (for exoatmospheric
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A
lti
tu
de
, 
km 
A
lti
tu
de
, 
km
70
80
60
40
• ••• First-guess
-  - True
—  Retrieved
20
0
160 180 200 220 240 260 280 300
Temperature, K
10 -5 0 5 10
AT, K
80
60
40
• ••• First-guess
-  - True
—  Retrieved
20
0
l.e-03 l.e-01 l.e+01
Pressure, hPa
l.e+03 10 -5 0 5 10
AP, %
Figure 3.2. Simulated retrieval o f the Arctic winter atmosphere using synthetic noise- 
free measurements.
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solar irradiance). The measurement error, ev, due to the random noise can be modeled 
as
where r is a Gaussian distributed random deviate calculated using the Box-Muller 
method [Press et al., 1992], SNR is the signal-to-noise ratio for the exoatmospheric 
solar signal, 7  is the measured transmissivity, and Ns is the number o f samples in each 
1-km altitude bin. The transmissivity factor accounts for the decrease in signal-to- 
noise that occurs with attenuation o f the solar signal in the atmosphere, while Ns 
accounts for the increase in signal-to-noise as a result o f over-sampling. The 
instrument will typically sample a 1-km altitude bin about fifteen times in a single 
sunrise or sunset event. Using this noise model, measurement error associated with 
random noise is added to the full suite o f A-band measurements generated with the 
forward model.
Results of the simulated retrieval using synthetic measurements with realistic 
noise are shown in Figures 3.3a-3.3d for the Arctic winter case. The effect of 
measurement noise is readily apparent as it produces oscillations in the retrieved 
products, especially above about 40 km. Below 40 km, the retrieved data reproduce 
the “true” atmosphere extremely well. The oscillatory behavior o f the retrieved 
parameters in the upper stratosphere and mesosphere is characteristic of solutions 
obtained from the inversion of noisy measurements. As a result o f the noise, there is 
no unique solution to the inversion and in fact, within the uncertainty of the 
measurements, there may be an unlimited number o f temperature and pressure profiles
r (3.14)£
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Figure 3.3. Simulated retrieval o f Arctic winter atmosphere using synthetic 
measurements with realistic measurement noise (SNR=3000).
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that are valid solutions to the problem. Numerically, the oscillating solutions are just 
as valid as the “true” atmosphere the measurements represent.
The solid lines in Figures 3.3b and 3.3d represent the magnitude of the 
standard errors in the retrieved temperatures and pressures determined from the 
covariance matrix. With few exceptions, these standard error values bracket the 
observed differences between the “true” and retrieved atmospheric states and are 
reasonable estimates o f the expected uncertainty in the retrieved parameters in this 
simulation. A curious feature in the vertical profile o f the standard errors in the 
retrieved pressures is the relative minimum that occurs between about 65 and 75 km. 
This minimum is also reflected in the profile o f pressure differences. This feature is 
likely due to a minimum in the information content o f the measurements between 50 — 
65 km that results in relatively large pressure errors over this altitude range, but 
recovers above. The information content o f the measurements will be examined in 
more detail in Chapter 4.
3.2.4 Retrieval Sensitivity to the Rayleigh Component
As was discussed in Chapter 2, the A-band absorptivities used in the retrievals 
actually consist o f both Rayleigh scattering and molecular oxygen absorption 
components. A study was performed to evaluate the sensitivity o f the retrievals to the 
inclusion of the Rayleigh component in the measurements versus removing it along 
with the interfering aerosol and ozone components. For this purpose, simulated 
retrievals were performed with and without the Rayleigh component included in the 
synthetic measurements. Synthetic oxygen-only absorptivity measurements were
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generated from the forward model by simply excluding the Rayleigh component from 
the calculations. Random noise was added to the measurements as described in the 
last section. Simulated retrievals using these oxygen-only measurements are shown in 
Figure 3.4. When compared to the retrievals using measurements that include both 
Rayleigh and oxygen (Figure 3.3), there are no significant differences. This test was 
repeated for a number o f independent sets of random noise and for various 
atmospheric states. In no case did the inclusion o f the Rayleigh component in the 
measurements negatively impact the retrievals.
Although the inclusion o f the Rayleigh component in the retrievals has no 
significant impact on the quality o f the retrieved parameters, clearing it from the 
measurements before performing the retrievals can introduce errors. Operationally, 
the Rayleigh component in all SAGE III channels will be estimated using the first- 
guess NOAA/GRAM-95 temperature and pressure profiles. Since these first-guess 
profiles are only approximations to the “true” atmospheric state, the estimated 
Rayleigh component will not be exact and removing it will introduce errors into the 
measurements. To test the sensitivity o f the retrieval to such Rayleigh clearing errors, 
the NOAA/GRAM-95 temperature profiles were assumed to differ from the “true” 
atmosphere by a bias equal to the value of their quoted error bars. Synthetic 
measurements containing both the molecular oxygen and exact Rayleigh components 
were generated using the “true” atmospheric profiles. Rayleigh clearing errors were 
simulated by then erroneously removing the Rayleigh component from the synthetic 
measurements using the biased NOAA/GRAM-95 profiles. The retrieval was 
performed using the resultant oxygen-only measurements with this Rayleigh clearing
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Figure 3.4. Simulated retrieval o f the Arctic winter atmosphere using synthetic 
oxygen-only measurements with realistic noise.
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error as the only source of uncertainty in the measurements. As shown in Figure 3.5, 
the Rayleigh clearing errors result in about a 1-2 K error in temperature and 1-2 % 
error in pressure at all altitudes below about 40 km. Operationally, it is expected that 
the NOAA/GRAM-95 first-guess temperature profiles will possess errors similar to 
those assumed above. Therefore, to avoid introducing errors o f the magnitudes shown 
in Figure 3.5 into the retrieved temperatures and pressures, the Rayleigh component 
will not be cleared from the measurements.
-a
3
80
60
40
20
0
•4 -2 0 2 4
a>
80
60
40
20
0
-4 -2 0 2 4
AT, K Ap, hPa
Figure 3.5. Bias in retrieved temperature and pressure profiles as a result o f errors in 
the clearing of the Rayleigh component from the A-band measurements. The 
Rayleigh error is based on a 1-ct bias in the first-guess NOAA/GRAM95 temperature 
profile.
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3.2.5 Constraining the Retrieval
The noise-induced oscillations in the retrieved temperature and pressure 
profiles such as those shown in Figure 3.3 are not representative o f real atmospheric 
variability and therefore are undesirable. To avoid such undesirable solutions we must 
provide additional information to the retrieval process that will constrain the solution. 
For instance, a priori information about the solution, such as a climatological profile 
o f the parameters being sought, can be utilized to constrain the retrieval [Rodgers, 
1976], A somewhat more arbitrary approach can be followed that constrains the 
solution to vary smoothly in some prescribed fashion [Twomey, 1977]. Vertical 
profiles o f temperature and pressure are at least loosely constrained by the atmosphere 
itself through hydrostatic equilibrium, the balance between the upward force acting on 
a layer o f air due to the decrease in pressure with height and the downward force due 
to the Earth’s gravitational attraction. This balance o f forces is maintained as long as 
the vertical motions in the atmosphere are negligible compared with horizontal 
motions. This is effectively true for the scale o f motions o f interest and the 
atmosphere can be assumed to be in hydrostatic equilibrium to within approximately 
1 % [ Wallace and Hobbs. 1977],
Temperature and pressure retrievals can be constrained by requiring the 
solution atmosphere to be in hydrostatic equilibrium as defined by the hydrostatic 
equation
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where p is pressure, p is mass density, g is the acceleration due to gravity, and z is 
altitude. Making use o f the ideal gas law
p = pRT  , (3.16)
where R is the gas constant, the hydrostatic equation can be written in terms of 
temperature and pressure as
£  = . (3.17)
d z  R T
Many remote sensing experiments retrieve only one meteorological parameter 
(i.e. temperature, pressure, or density) and then use the hydrostatic equation to 
explicitly determine the others. For SAGE III, temperature and pressure are retrieved 
simultaneously and it is difficult to directly impose a rigid hydrostatic constraint on 
the solution. As an alternative approach, we have formulated a hydrostatic constraint 
in terms of an additional set o f equations that can be included in the minimization 
process. In this way, the retrieved atmosphere is not strictly required satisfy the 
hydrostatic equation, but instead is pushed towards hydrostatic equilibrium within the 
expected bounds of the approximation in a more implicit sense.
By the integrating the hydrostatic equation (Equation 3.17), we can define a 
hydrostatic stability parameter, Sh, for any layer o f the atmosphere as
P(=i+1) -s\ri+ 1 - / ]  /"? 1 0 3
P(=i)
In this formulation, Sh is a measure o f how well the layer between altitudes Zi and z;+i 
is in hydrostatic balance. If the layer were in perfect balance, Sn(Zi) would be zero. In 
terms of the hydrostatic stability parameter, the z 2 merit function can be expressed as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where Sft (;,) and S CH(:,) are the measured and calculated hydrostatic stability 
parameters for layer i, respectively, and o; is the magnitude o f deviations from 
hydrostatic equilibrium we expect to encounter in the atmosphere. The measured 
hydrostatic stability, is defined to be zero with an uncertainty o f 1%. Values
of 5^ (r,)a re  calculated directly from Equation 3.18 using the current trial solution 
temperature and pressure profiles. In terms of the hydrostatic constraint, expressions 
for [3j and ajk become
With these expressions, we can now define an additional set of eighty-nine equations 
that relate temperature and pressure hydrostatically in each 1-km layer o f the 
atmosphere. These are added to the original 1260 equations defined in Section 3.1 to 
form the constrained linear system of equations. With the inclusion of the hydrostatic 
terms, the minimization procedure will solve for adjustments to temperature and 
pressure that not only minimize the residuals between the measured and modeled 
absorptivities, but that also minimize the departures o f the solution from hydrostatic 
equilibrium.
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and
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80
The results of a simulated constrained retrieval using the baseline (Arctic 
winter) set o f synthetic measurements are shown in Figure 3.6. The hydrostatic 
constraint significantly reduces the magnitude o f the oscillations in the retrieved 
temperatures and pressures above 40 km that were present in the unconstrained case 
(Figure 3.3). The differences between the “true” and retrieved temperatures are 
reduced by about a factor o f 2 or greater above 50 km using the hydrostatic constraint. 
The improvement in the pressure retrieval is even better with the differences now less 
than 1 % over the entire altitude range. The standard errors from the covariance matrix 
(solid lines in Figures 3.6b and 3.6d) are also significantly smaller, reflecting the 
better agreement observed between the retrieved parameters and the “true” 
atmosphere. The hydrostatic constraint produces solution profiles of temperature and 
pressure that are both more smooth and accurate than the unconstrained solutions. As 
a result, the hydrostatic constraint will be implemented in the operational retrieval 
algorithm.
In the hydrostatic constraint formulation, the value o f the hydrostatic 
equilibrium uncertainty, controls the weight that is given to the hydrostatic
constraining equations in the minimization process. Recall that the original 1260 
equations are weighted by the uncertainty in the measured A-band absorptivities (i.e. 
Equation 3.1). The value o f the hydrostatic uncertainty must be chosen appropriately 
so that the eighty-nine hydrostatic equations are in proper balance with the original 
1260 equations to produce the desired effect. Too small a value for o; will give the 
hydrostatic equations too much weight, resulting in an over-constrained solution, 
while too large a value will not provide enough weight to the constraining equations
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Figure 3.6. Simulated retrieval o f the Arctic winter atmosphere with the hydrostatic 
constraint.
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and they have little effect on solution. The value o f 1% used in our current 
implementation provides the proper weighting to the hydrostatic constraint based on 
our current estimates o f the expected measurement uncertainties. If the actual 
measurement uncertainties are significantly different, the hydrostatic uncertainty may 
need to be adjusted appropriately to get the desired results.
3.2.6 Simulation of Different Atmospheric Conditions
The simulated retrievals presented in Figure 3.6 can be considered the baseline 
performance for the operational retrieval algorithm with the hydrostatic constraint. 
The “true” atmospheric conditions in this baseline test case are representative of 
Arctic winter conditions. Since SAGE III will sample a wide range of atmospheric 
conditions, it is important to understand the performance of the retrieval when 
different atmospheric conditions are encountered. For this assessment, simulated 
retrievals o f the five additional atmospheric conditions listed in Table 3.2 were 
performed. The results are presented in Figures 3.7 — 3.11.
These results illustrate the ability o f the retrieval algorithm to consistently 
reproduce the “true” atmospheric profiles to about the same level o f accuracy 
irrespective o f the atmospheric conditions being encountered. Some specific 
meteorological situations worth noting are the anomalous warm layers in the Arctic 
stratosphere associated with a sudden warming events (~20 km in Figure 3.7), the cold 
tropical tropopause (~ 15 km in Figure 3.9), extremely cold temperatures in the 
Antarctic winter stratosphere (—10-30 km in Figure 3.11), and the very cold 
temperatures in the summer mesosphere (z > 75 km in Figures 3.8 and 3.10).
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Figure 3.7. Simulated retrieval o f a sudden warming event in the Arctic winter 
atmosphere (test case 2).
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Figure 3.8. Simulated retrieval o f the Arctic summer atmosphere (test case 3).
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Figure 3.9. Simulated retrieval o f tropical atmosphere (test case 4).
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Figure 3.10. Simulated retrieval o f the Antarctic summer atmosphere (test case 5).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A
lti
tu
de
, 
km 
A
lti
tu
de
, 
km
87
80
60
40
• ••• First-guess
-  - True
—  Retrieved
20
0
160 180 200 220 240 260 280 300 10 -5 0 5 10
Temperature, K AT, K
80
.... First-guess
-  - True
—  Retrieved
60
40
20
0
l.e-03 l.e-01 l.e+01
Pressure, hPa
l.e+03 1 0  1 2.9
Ap, %
Figure 3.11. Simulated retrieval o f  the Antarctic winter atmosphere (test case 6).
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Although these situations represent the extremes o f atmospheric conditions SAGE III 
is expected to encounter, the accuracy of the retrieved profiles was not noticeably 
affected in any of the cases.
To quantitatively assess the retrieval algorithm’s performance, we derived a 
set of statistics by repeating the simulations ten times for each o f the six test cases in 
Table 3.2. Each time, the synthetic measurements were perturbed with independent 
sets o f random noise. The statistics for the combined set o f 60 simulations are shown 
in Figure 3.12. The dotted line in the figure represents the mean differences between 
the “true” and retrieved states, the thin solid line represents the 95% confidence level 
for the mean, and the dash-dotted line represents the root-mean-square (rms) 
differences. Mean differences that are significant at the 95% level may be an 
indication of bias in the retrieval process. The rms differences provide an estimate o f 
the magnitude of the expected uncertainties in the retrieved temperature and pressure 
profiles as a result o f random measurement noise. The mean temperature differences 
are generally less than 0.5 K with only a few instances where the mean differences are 
significant at the 95% level. The rms temperature differences are less than 0.5 K. from 
about 5-30 km and then slowly increase to about 4 K. at 85 km. The mean pressure 
differences are generally less than 0.1% with, again, only a few larger differences that 
are significant at the 95% confidence level. The rms pressure differences are less than 
0.1% from 5-40 km and generally 0.5% or less above 40 km. The relative minimum 
in the rms pressure differences near 70 km is coincident with a negative bias in the 
mean differences. The cause o f these features and whether or not they are related is 
not clear.
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Figure 3.12. Statistical uncertainty in the retrieved temperatures and pressures based 
on sixty simulated retrievals o f six different atmospheric conditions. See text for 
discussion.
We also derived statistics for the winter and summer cases separately and they 
are shown in Figures 3.13 and 3.14, respectively. The mean and rms temperature and 
pressure differences for the winter cases are very similar in nature to the statistics 
compiled for all the cases (Figure 3.12). The statistics for the summer cases, however, 
reveal some subtle differences. Notably, above about 60 km, the rms temperature 
differences for the summer cases level off at about 2 K. instead of continuing to 
increase as they do in the other cases.
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Figure 3.13. Statistical uncertainty in the retrieved temperature and pressure profiles 
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Figure 3.14. Statistical uncertainty in the retrieved temperatures and pressures based 
on twenty simulations o f polar summer atmospheric conditions.
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3.2.7 Retrieval Sensitivity to First-guess Profiles
As discussed in Section 3.1.2, the NOAA/GRAM-95 temperature and pressure 
profiles will be used in the operational retrieval algorithm for the first-guess profiles. 
Based on the quoted uncertainties associated with these data, the NOAA/GRAM-95 
first-guess profiles will generally be closer to the true atmosphere than the U.S. 
Standard profiles we have used in the simulations shown thus far. To assess the 
performance of the retrieval algorithm when the more accurate NOAA/GRAM-95 
first-guess profiles are used to initiate the procedure, we modeled the “true” 
atmosphere using independent high-resolution temperature and pressure data and then 
simulated the retrieval o f this atmosphere using the NOAA/GRAM-95 profiles as the 
first-guess. These simulations will also provide insight to the capability o f the 
retrieval to reproduce fine-scale structure inherent in the “true” atmosphere.
The high-resolution temperature and pressure data used to model the “true” 
atmosphere are a combination of radiosonde and falling sphere observations taken 
from Kiruna, Sweden in May 1992. Precise in situ measurements o f temperature and 
pressure are routinely obtained from balloon-borne radiosondes as part o f the global 
synoptic meteorological network [e.g. Hoehne, 1980]. However, radiosonde 
observations rarely extend above about 30-35 km, the altitude limit of the balloons. 
Falling sphere data is obtained by boosting an inflatable mylar sphere to high altitudes 
(up to 115 km) with a rocket and tracking its descent with a high-precision tracking 
radar [Schmidlin et al., 1991]. Since the rate o f descent o f the sphere is dependent on 
the atmospheric density, high-resolution temperature and pressure profiles can be 
inferred from the data. The falling sphere data does not typically extend below about
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35 km. By combining these data, we were able to construct a complete atmospheric 
profile of high-resolution data from near the surface to 90 km.
Simulated retrievals were performed using synthetic measurements produced 
from the radiosonde/falling sphere profiles and NOAA/GRAM-95 first-guess profiles 
constructed for the latitude and longitude o f Kiruna, Sweden and for the same day as 
the radiosonde/falling sphere observations. The results are shown in Figure 3.15. The 
retrieval is able to reproduce the small-scale structure (vertical scales o f ~2 km) in the 
“true” atmosphere with high precision. Overall, the retrieval performance is not 
significantly different than for the test cases shown earlier. As a consequence, the 
effect o f using the more accurate NOAA/GRAM-95 first-guess is not readily apparent.
To further investigate the sensitivity o f the retrieval to the first-guess, a 
simulated retrieval o f the same atmosphere as above was performed, but this time, 
instead of the NOAA/GRAM-95 profiles, an isothermal temperature profile was used 
as the first-guess. The first-guess pressure profile was determined hydrostatically 
using the base pressure from the NOAA/GRAM-95 profile. As shown in Figure 3.16, 
the retrieval is not affected by the “bad” first-guess in temperature and reproduces the 
original atmosphere as accurately as before. It is important to note, however, that the 
first-guess pressure profile in this case is not much different than the NOAA/GRAM- 
95 profile. To test the effect o f a “bad” first-guess pressure profile, we perturbed only 
the NOAA/GRAM-95 first-guess pressure profile by 20%. The results o f this 
simulation are shown in Figure 3.17. The effects on the retrievals are still minimal. 
Based on these tests, we would conclude that the quality of the retrieved products is 
not significantly affected by accuracy o f the first-guess profiles.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
80
60
40
]  •••• First-guess 
i -  - True 
I —  Retrieved
20
0
160 180 200 220 240 260 280 300 -10 -5 0 5 10
Temperature, K AT, K
80 
60
£
<u
I  40
w
<
20 
0
l.e-03 l.e-01 l.e+01 l.e+03 - 2 - 1 0  1 2
Pressure, hPa Ap, %
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3.3 C hapter Sum m ary
In this chapter, we have outlined an approach to operationally retrieve 
temperature and pressure profiles from the SAGE III oxygen A-band measurements. 
The retrieval algorithm is an iterative scheme that solves for successive adjustments to 
trial solution temperature and pressure profiles by minimizing a merit function defined 
in terms of the residuals between the measured and modeled A-band absorptivities. 
The retrieval algorithm includes an implicit hydrostatic constraint to reduce the 
oscillatory nature o f the retrieved temperature and pressure profiles at high altitudes.
The performance of the retrieval algorithm was evaluated through a series of 
simulation studies using synthetic measurements with realistic noise. Based on the 
results of these simulations, we expect the retrieval algorithm to produce consistent 
results for any atmospheric condition encountered with little sensitivity to the accuracy 
o f the first-guess profiles. The retrieval also appears capable o f resolving features in 
the atmospheric temperature structure with vertical scales o f a few kilometers or 
greater.
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CHAPTER IV
RETRIEVAL CHARACTERIZATION AND ERROR ANALYSIS
Perhaps the most important aspect o f this research is to understand and 
document the uncertainties associated with the retrieval products. Post-launch 
validation of the actual retrieved temperature and pressure products will be required to 
fully assess the errors. However, much o f the profile characterization and error 
analysis can be done before launch. A pre-launch assessment can provide not only 
estimates of the expected uncertainties in the retrieved temperature and pressure 
profiles, but also insight to the characteristics o f  the various errors and how they 
contribute to the total error budget. From such an assessment, we can also gain an 
intuitive understanding of the information content o f the measurements and the 
experimental resolution. This information will be particularly valuable for post-launch 
validation when comparing data from different experiments.
Rodgers [1990] has developed a straightforward yet rigorous approach for the 
characterization and error analysis o f data products retrieved from remote sensing 
measurements. This approach is independent o f the remote sensing system or retrieval 
method and, as a result, is widely used throughout the remote sensing community. For 
example, the approach was chosen for the error analysis o f the data sources used in the 
World Meteorological Organizations’ ozone trends assessments in 1988 [ W hlO , 1988]
97
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and again in 1998 [WMO. 1998], In addition, it has been used to characterize 
constituent retrievals for SAGE II [Larsen, 1998], the Improved Stratospheric and 
Mesospheric Sounder (ISAMS) [Connor and Rodgers, 1989; Marks and Rodgers, 
1993], and the Microwave Limb Sounder [Fishbein et al., 1996].
In this chapter, a characterization and error analysis of the SAGE III 
temperature and pressure retrievals is presented that roughly follows the formalization 
of Rodgers. A comprehensive set o f error sources for both the forward model and the 
inversion algorithm will be identified and the sensitivity o f the retrieval algorithm to 
these errors will be studied. The retrieval characterization will include an in-depth 
examination o f the information content o f the measurements and the vertical 
resolution of the retrieved products. The total error budget for the retrieved 
temperature and pressure parameters will be derived in terms of the separate 
components due to systematic errors in the forward and inverse models and random 
measurement noise.
4.1 Description of the Rodgers Approach
The approach is well documented in Rodgers [1989, 1990] and only a brief 
overview of the methodology is presented here to facilitate discussions later in the 
chapter. The retrieval algorithm is defined in terms of a forward and inverse model 
and the linearization o f these models about some reference atmospheric state provides 
a direct means to evaluate the sensitivity o f the measurements and the inversion 
process to various error sources. The retrieved profiles are related to the “true” 
atmosphere through a transfer function. Characterization o f the retrieval is
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accomplished by linearization o f the transfer function in the absence o f measurement 
noise and forward model errors. The formal error analysis is also based on 
linearization o f the transfer function, but in this case, measurement and forward model 
errors are included.
4.1.1 Forw ard Model
As derived in Chapter 2, the forward model o f the A-band absorptivity 
measurements is assumed to accurately represent the physics of the measurements 
including radiative transfer processes in the atmosphere, the measurement geometry, 
and instrument characteristics. Following the Rodgers notation, the forward model, F, 
can be expressed as
F = F (x ,b ), (4.1)
where x is the atmospheric state vector consisting of the temperature and pressure 
profiles and b is the model parameter vector that describes all quantities other than the 
atmospheric state that must be specified in the forward model in order to calculate the 
absorptivities (such as the molecular oxygen line parameters). The model parameters 
may be a source o f random or systematic differences between the measured and 
modeled values o f absorptivity. A measurement vector, y , is also defined and 
represents the full set o f A-band slant path absorptivity measurements for a single 
event. Their associated measurement error,£v , is assumed to be randomly distributed
with zero mean and a known covariance, S v . In terms of the forward model, the
measurements can be expressed as
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y = F(x,b) + £ v . (4.2)
To investigate the sensitivity o f the forward model to the atmospheric state and 
model parameters, the forward model is linearized about some reference state, (x,b).  
The linearization is accomplished by a first-order Taylor series expansion o f the
forward model (Equation 4.2) with respect to x and b and can be written as
-  dF dF -y = F( x , b)+— ( x - x )  + — ( b - b )  + e v . (4.3)
ox db
The sensitivity dFldx  of the measurements to the temperature and pressure 
parameters is defined as Kx. The sensitivity dF / 6b o f the measurements to the model 
parameters is defined as Kb-
4.1.2 Inverse Model
The inverse model, /. describes how the retrieved temperature and pressure 
profiles, x , are determined from the A-band absorptivity measurements and can be 
expressed as
x = /(y ,b ,c) . (4.4)
The vector c represents any parameter used in the retrieval process that is independent 
o f the measurements and hence, does not appear in the forward model (such as the 
first-guess temperature and pressure profiles). The retrieval algorithm derived in 
Chapter 3 will serve as the inverse model for this analysis. To examine the sensitivity 
of the retrieved temperature and pressure parameters to the various elements o f the 
inversion process, it is also convenient to linearize the inverse model about the 
reference state (y ,b ,c ) which yields
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The sensitivity dl I dy of the inversion to the measurements is defined as the 
contribution function, Dy, so called because each o f its columns is the contribution to 
the solution due to a unit change in the corresponding measurement in y. Db and Dc
are also defined as the sensitivities dl I db a n d d //d c o f the inversion to the model
parameters, respectively.
4.1.3 T ransfer Function
The retrieved temperature and pressure profile, x , can be related to the “true” 
atmospheric state, x , by a transfer function, G. Linearization o f the transfer function 
provides insight to the character o f the retrieved profiles. In terms of the forward and 
inverse models, the transfer function is defined as
x = /(F (x ,b),b ,c) = (7(x,b,c) , (4.6)
Linearization of the transfer function about the reference state (x,b,c) yields
x = C(x,b,c) + ^ ( x - x )  . (4.7)
dx
Making use o f the chain rule and the definitions o f the measurement vector and
transfer function given in Equations 4.2 and 4.6, respectively, the partial derivative of
G with respect to x can be expanded as
dG _ d l  dy _ d l  dF 4 g
dx dy dx dy dx
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Recalling that d l /d y is the contribution function, Dy, and d F ! dx is the weighting 
function, Kx, Equation 4.7 can be written as
The retrieved profile is then equal to the transfer function evaluated at the reference 
state plus a perturbation term corresponding to the departures o f the solution from the 
mean state. In the perturbation term, the matrix product DyKx smoothes the departures 
from the mean state and is defined as
The rows of A are commonly referred to as the averaging kernel [Backus and Gilbert, 
1970] because the retrieved profile at any altitude is the average of the whole profile 
weighted by this row. The columns of A represent the response of the retrieval to 8- 
function perturbations in the “true” atmosphere. Typically, the rows and columns o f A 
are smoothly varying functions with sharp peaks. The width o f the peaks is a measure 
o f the vertical resolution o f the experiment and for this reason it is sometimes referred 
to as the “model resolution matrix” [Menke, 1984]. In an “ideal” experiment with 
infinitesimal vertical resolution, A would be the identity matrix.
4.2 Forw ard Model Sensitivity
In this section, the sensitivity of the forward model to the atmospheric state 
and model parameters is evaluated. Since the forward model is a reasonable 
approximation to the measurements, these sensitivities can be interpreted as 
measurement sensitivities. The reference atmospheric state, x , used for the forward
x = G(x,b,c) + D vK r ( x - x ) (4.9)
(4.10)
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model linearization is the baseline Arctic winter atmosphere described in Table 3.2 
(case 1). The reference state for the model parameters, b , is our best estimate o f  these 
parameters. The model parameters and their associated uncertainties will be discussed 
in Section 4.2.2. In general, the sensitivity o f the A-band measurements to a specific 
parameter will vary systematically across the spectrum and for illustrative purposes, 
the sensitivities for only a subset o f the fourteen A-band channels will be displayed.
4.2.1 Temperature and Pressure
As defined in Section 4.1, Kx is the sensitivity of the forward model to 
perturbations in the atmospheric temperature and pressure. The components o f Kx 
were determined numerically by systematically introducing a 5-function perturbation 
at each altitude o f the reference state temperature and pressure profiles, x , and 
recording the resultant change in the modeled A-band slant path absorptivities. The 
rows of Kx are referred to as “weighting functions” and can be thought of as a set of 
weights that are applied to the 5-function perturbation in x to produce the 
corresponding perturbation in the modeled slant path absorption. The temperature and 
pressure weighting functions for a subset o f A-band channels are shown in Figures 4.1 
and 4.2, respectively. For clarity, the weighting functions are only shown at 5-km 
increments in tangent altitude. Each weighting function curve represents the relative 
sensitivity o f the slant path absorptivity at a given tangent altitude to temperature or 
pressure perturbations at all altitudes. The weighting functions are sharply peaked at 
the tangent altitude o f the measurement indicating that the slant path absorptivity is
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Figure 4.1. Temperature weighting functions for a subset o f the A-band channels. 
For clarity, weighting functions are only depicted at every 5-km in tangent altitude.
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most sensitive to temperature or pressure perturbations in the tangent layer. Above the 
tangent altitude, the weighting functions decrease rapidly indicating the diminishing 
sensitivity o f  the slant path absorptivity to temperature or pressure perturbations in 
layers above. No weight is given to the layers below the tangent altitude since the 
temperature and pressure in these layers has no affect on the slant path absorptivities 
above due to the limb viewing measurement geometry. Although not obvious from 
Figures 4.1 and 4.2, the relative shapes of the individual functions are similar for all 
tangent altitudes. To illustrate this point, normalized temperature and pressure 
weighting functions for channel 8 are shown in Figure 4.3.
60
-1.0 -0.5 0.0 0.5
K, (Normalized)
80
40
20
0
1.0 -0.5 0.0 0.5 1.0
K* (Normalized)
Figure 4.3. Normalized (a) temperature and (b) pressure weighting functions for A- 
band channel 8. The weighting functions are normalized by their maximum values.
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The shape o f the weighting functions provide some general insight to the information 
content o f the measurements by indicating the portion o f the temperature and pressure 
profile that is represented by each measurement. Narrow, sharply peaked weighting 
functions such as those shown in Figures 4.1 and 4.2 are typical o f limb viewing 
experiments and are a result o f the rapid decrease in density with altitude above the 
tangent layer. Each measurement contributes significantly to only a narrow portion o f 
the temperature and pressure profile within a few kilometers o f the tangent altitude. 
The envelope shape o f the weighting functions is related to the vertical gradient in 
absorptivity (dA/dz). As illustrated in Figure 2.11, the slant path absorptivity values 
decrease by three to four orders o f  magnitude over the altitude range of the 
measurements. The altitude o f the peak in the envelope of the weighting functions 
corresponds closely to the altitude where the absorptivity is changing most rapidly 
with height. As a result, the measurements are more sensitive to small temperature 
and pressure changes in this altitude range. Above 40 km, the sensitivity of the 
measurements to changes in temperature or pressure decreases significantly. This 
decrease in sensitivity manifests itself in the retrievals as oscillations in the solution 
profiles (as illustrated in Figure 3.3) and necessitates the implementation o f the 
hydrostatic constraint.
4.2.2 Model Parameters
There are a number of model parameters other than the atmospheric state that 
can affect the forward model calculations. These model parameters can be divided 
into three categories: oxygen spectroscopy, clearing, and EGA accuracy. The oxygen
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spectroscopy parameters consist o f the molecular line parameters required for the 
molecular oxygen cross section calculations. Clearing parameters refers to the 
uncertainties associated with clearing the interfering aerosol and ozone components 
from the A-band measurements including the systematic biases in the ozone 
spectroscopy. The EGA accuracy parameters include the EGA database interpolation 
errors and the overall accuracy o f the technique when applied to inhomogeneous 
atmospheres. A list of these model parameters and their expected uncertainties is 
provided in Table 4.1.
Table 4.1 Forward Model Parameters and Associated Uncertainties.
Param eter Uncertainty Random/Systematic
Spectroscopy
Line Strengths, Sj(T) 1% S
Half Widths, a Lo 2.5% S
Temperature Exp., mi 15% s
Line Centers, co0 0.015 cm '1 s
Clearing
Aerosol 1% SPOD R
Ozone 0.5% SPOD R
Ozone Cross Sections 1% S
EGA Accuracy <5% S
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Oxygen Spectroscopy
The molecular oxygen spectroscopy data is required for the oxygen cross 
section calculations as discussed in Chapter 2. These parameters include the reference 
line strengths at a standard temperature, Sj(T0); Lorentz half-widths at a reference 
temperature and pressure, 0 ; exponents o f the temperature dependence o f the
Lorentz half-widths, /w, ; and the line centers, coo i . The values used for these
parameters in the forward model calculations are those in the 1996 HITRAN 
compilation [Gamache et al., 1998]. In this compilation, both the line intensities and 
Lorentz half-widths are based on the measurements of Ritter and Wilkerson [1987], 
Although the stated accuracy of the Ritter and Wilkerson line strengths is about 2%, 
their band strength is higher than all previous measurements. In fact, the Ritter and 
Wilkerson band strength is 15% higher the data o f Miller et al. [1969] which are the 
basis o f the 1992 HITRAN A-band line strengths [Rothman et al., 1992]. The Ritter 
and Wilkerson line widths are closer to the middle o f the range of previous 
measurements, however, the range of the different data sets is close to 30%. As a 
result o f the low confidence in the accuracy o f the A-band spectroscopic parameters, 
the SAGE III project funded a new study o f the A-band spectroscopy. In this study, 
Brown [1999] repeated the Ritter and Wilkerson study with different instrumentation 
(a high-resolution interferometer). Brown’s measured line strengths agree to within 
1% with the Ritter and Wilkerson data with a mean difference o f only 0.2%. Brown’s 
line widths agree to within 2.5% with those o f Ritter and Wilkerson. The results of 
two other very recent studies by Newnham and Ballard [1998] and Schermaul and
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Learner [ 1999] are also consistent with the Ritter and Wilkerson measurements. The 
estimated accuracies o f the A-band line parameters based on the Brown study are 
listed in Table. 4.1. These accuracies are assumed to be representative of the potential 
for bias in the spectroscopy and will be used to model these biases in the sensitivity 
studies.
The sensitivity of the forward model to biases in the oxygen spectroscopy was 
estimated using the following procedure. Separate EGA databases representing biases 
in each of the spectroscopic parameters were first calculated by perturbing each 
parameter by its estimated accuracy. The perturbed databases were then used in 
conjunction with the forward model to produce a set o f biased A-band measurements 
for each spectroscopic parameter. The Kb for each case are defined as the difference 
between the baseline unperturbed measurements and the biased measurements. The 
Kb for the molecular line strengths, half-widths, and temperature exponents are shown 
in Figures 4.4 — 4.6, respectively. A systematic bias in each of these parameters 
produces a similarly shaped response in the measurements, but with varying 
magnitudes. The measurements in the strong channels (i.e. channels 2 — 8) exhibit the 
most sensitivity to these parameters with the effect diminishing as the channels 
become progressively weaker (i.e. channels 10— 14). The peak sensitivity occurs near 
18 km in the strong channels and systematically shifts downward to below 5 km in 
channel 14. Again, the altitude o f the peak sensitivity is nearly coincident with the 
altitude o f the maximum in the vertical gradient o f absorptivity. Recall from Chapter 
2 that the line strengths are included in all absorption cross section calculations and 
therefore a bias in the line strengths affects the measurements at all altitudes. Biases in
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Figure 4.4. Kb for selected A-band channels corresponding to a 1% bias in the 
molecular oxygen A-band line strengths.
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Figure 4.6. Kb for selected A-band channels corresponding to a 15% bias in the 
exponent o f the temperature dependence o f the Lorentz half-widths.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
80- Channel 4Channel 2
•* 60*  60
< 40< 40
e?
H 20
Kf,(AAbsorption)x 10'
"I....... I....
Channel 8
rr*r
Channel 6
22 6022 60
4040
531 42 053 40
Ky(AAbsorption)x 104 K^ Mbsorption )x 104
Channel 12Channel 10
< 40< 40
53•) 4.1 0
Kt0Absorption)xlO4 Kb(AAbsorption)xl04
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molecular oxygen A-band line centers.
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the Lorentz half-widths and temperature exponents, however, will only affect those 
altitude regions where pressure broadening is important, primarily below 30 km.
The sensitivity o f the forward model to a bias in the molecular line centers is 
shown in Figure 4.7. The 0.015 cm '1 shift in line centers produces a systematic change 
in the integrated absorptivity in each channel. The magnitude and sign o f this change 
can be best understood by referring back to the overall structure o f the A-band as 
shown in Figure 1.3. If the entire spectrum were shifted slightly towards shorter 
wavelengths, the integrated absorptivity for channel 2 (co0~759.8 nm) would increase 
due to the inclusion of relatively stronger lines in the spectral range o f the channel. 
However, the integrated absorptivity for channel 4 (co0~761.7 nm) would decrease due 
to the inclusion of weaker lines that occur near 762 nm. The decrease in integrated 
absorptivity for channels 6 — 12 is also the result o f shifting weaker lines into the 
channel spectral range. Again, the peak sensitivity occurs at about 18 km for the 
strongest channels and decreases to below 5 km for the weakest channels.
Aerosol and Ozone Clearing
Although not explicitly included in the forward model, the clearing o f the 
interfering aerosol scattering and ozone absorption components from the A-band 
measurements can be considered forward model parameters since inaccuracies in 
either will produce errors in the A-band channel absorptivities. The methodologies 
used to estimate the contributions and uncertainties o f aerosol and ozone to the A-band 
measurements are documented in Russell et al. [1997] and Cunnold et al. [1997], 
respectively, and were briefly discussed in Chapter 2. The uncertainties in clearing the
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aerosol component are expected to be on the order o f 1% o f the aerosol slant path 
optical depth in the A-band channels. The uncertainties in clearing the ozone are 
expected to be on the order of 0.5% o f the ozone slant path optical depth in the A-band 
channels. The clearing errors are expected to be random in nature from altitude to 
altitude, but for a given altitude will likely result in a systematic offset across all 
channels.
For this sensitivity analysis, the magnitudes o f the expected clearing errors in 
the A-band absorptivity measurements were estimated from the representative profiles 
o f aerosol and ozone slant path optical depth for the A-band wavelengths shown in 
Figure 4.8. Since the clearing errors are a fixed fraction o f the slant path optical 
depths, the vertical profiles o f the errors will reflect the shape of the optical depth 
profiles. The sensitivity o f the forward model to aerosol clearing errors in shown in 
Figure 4.9a. As expected, the shape o f Kb for aerosol clearing errors closely 
resembles the shape o f the aerosol slant path optical depth profile. The aerosol slant 
path optical depth profile used in this analysis is representative o f the aerosol loading 
conditions in 1987, which is about a factor o f  ten greater than today’s levels. The 
aerosol loading conditions in the atmosphere are highly variable, however, and 
volcanic injections of material can increase the optical depth by orders o f magnitude. 
The sensitivity o f the retrievals to heavy loading conditions will be examined later in 
this chapter. The sensitivity o f  the forward model to ozone clearing errors is shown in 
Figure 4.9b. The shape o f Kb for ozone clearing errors also reflects the overall shape 
o f the ozone slant path optical depth profile. The ozone slant path optical depth 
profile used in this analysis is based on a SAGE II mid-latitude profile, but can be
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Figure 4.8. Profiles o f (a) aerosol and (b) ozone slant path optical depth (SPOD) used 
to estimated aerosol and ozone clearing errors.
22
o
T33
<
OCO
73
E-
80 Aerosol
20
0
0 2 4 6 8 10
Kb (AAbsorption)xlO4
22
*>•o
<
co
3
80 Ozone
20
0
4 6 8 100
Kb (AAbsorption)xlO4
Figure 4.9. Kb corresponding to clearing errors of (a) 1% in aerosol slant path optical 
depth and (b) 0.5% in ozone slant path optical depth.
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thought o f as representative o f most conditions since ozone exhibits much less 
variability over time than aerosol.
Another potential bias in the forward model results from uncertainties in the 
ozone spectroscopy in the A-band spectral region. Both the Chappuis and Wulf 
absorption bands of ozone extend into the A-band spectral region. The ozone 
absorption cross sections in these bands are used to calculate the ozone component of 
the A-band measurements for clearing purposes. Shettle and Anderson [1994] 
estimate the uncertainty in these cross sections to be on the order o f 1-2%. Since 
ozone cross section errors propagate directly into ozone slant path optical depth errors 
of similar magnitude, a 1% bias in the optical depth is assumed for this analysis. The 
sensitivity o f the forward model to a 1% bias in the ozone cross sections is shown in 
Figure 4.10. Again the profile o f Kb reflects the overall shape of the profile o f ozone 
slant path optical depth, but is simply a factor o f two larger than Kb for the standard 
ozone clearing errors of 0.5%.
EGA Accuracy
As discussed in Chapter 2, the EGA procedure used to calculate the slant path 
absorptivities is susceptible to inaccuracies in the pre-computed database and 
associated interpolation tools and in the application of the technique to 
inhomogeneous atmospheres. All o f these error sources will affect the accuracy of the 
forward model calculations. To estimate the magnitude of these errors, the EGA 
calculations were compared with calculations performed using rigorous line-by-line 
radiative transfer code. Due to the computer-intensive nature o f the line-by-line code,
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Figure 4.10. Kb corresponding to ozone clearing errors due to 1% bias in the ozone 
molecular cross sections.
calculations were performed for only nine tangent altitudes spaced at 10-km intervals 
from 10 to 90 km. The calculations were performed for the same Arctic winter 
atmosphere being used for the reference state. The comparisons o f the EGA with the 
line-by-line code are shown in Table 4.2. The differences at intervening levels are 
determined by linear interpolation. The corresponding Kb for the EGA errors is 
shown in Figure 4.11 for the standard subset o f A-band channels. Again, there is the 
general tendency for the measurement sensitivities to peak near 20 km, especially in 
the three strongest channels.
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Table 4.2. Comparison of EGA and line-by-line radiative transfer calculations. The 
table entries are percent differences between line-by-line and EGA calculations.
Tangent Altitude
10km 20km 30km 40km 50km 60km 70km 80km 90km
Ch 1 -0.67 -1.50 -1.75 0.16 -0.47 -0.94 -0.32 -0.11 -0.08
Ch 2 0.09 -0.46 -2.23 -0.59 -0.40 -0.80 -0.22 -0.01 -0.02
Ch 3 0.11 -0.50 -2.06 -1.25 -0.29 -0.50 -0.05 0.09 -0.02
Ch 4 0.14 -0.63 -1.83 -1.26 -0.32 -0.37 0.07 0.11 -0.05
Ch 5 0.37 -0.82 -1.84 -1.23 -0.32 -0.39 0.07 0.10 -0.05
Ch 6 0.43 -0.69 -1.86 -1.33 -0.29 -0.41 0.02 0.14 -0.03
Ch 7 0.28 -0.73 -1.89 -1.23 -0.28 -0.43 0.01 0.12 -0.00
Ch 8 0.07 -0.37 -2.28 -0.99 -0.27 -0.44 0.01 0.07 -0.00
Ch 9 0.11 -0.15 -2.80 -0.46 -0.21 -0.46 -0.04 -0.02 -0.05
ChlO 0.22 -1.56 -2.23 0.18 -0.09 -0.37 -0.21 -0.18 -0.19
C h ll -0.23 -3.99 -0.45 0.65 -0.09 -0.42 -0.53 -0.42 -0.43
C hl2 -1.48 -3.85 1.14 0.53 -0.45 -0.83 -1.08 -0.80 -0.84
C hl3 -3.87 -1.85 0.52 -0.27 -1.00 -1.45 -1.88 -1.30 -1.44
C hl4 -4.56 -3.59 -1.34 -1.19 -1.57 -2.08 -2.72 -1.81 -2.11
4.3 C haracterization of the Retrieval
The contribution function Dy, defined in section 4.1.2, provides insight to the 
sensitivity o f the inversion to perturbations in the A-band absorptivity measurements. 
The components o f Dy are calculated numerically by systematically perturbing each of 
the measurements and recording the effects on the retrieved temperature and pressure 
profiles. Calculation of the entire Dy matrix requires performing 1260 simulated 
retrievals, one for each perturbed measurement. Since a single simulated retrieval 
takes approximately ninety minutes computation time on a Sun Ultra-2 workstation, 
the calculation of Dy is estimated to take nearly two months computation time. This 
task is impractical given the computer resources available. Alternatively, a subset o f
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Figure 4.11. Kb for selected A-band channels corresponding to errors in the EGA 
radiative transfer calculations.
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Dy will be calculated for selected channels and tangent altitudes to illustrate the 
general nature o f the contribution functions.
The columns of Dy for temperature and pressure are shown in Figures 4.12 and 
4.13 for a subset o f the A-band channels. Again, they are only depicted at 5-km 
intervals for clarity. Each curve represents the change in the retrieved temperature or 
pressure profiles induced by a 5-function perturbation in the measurements. In 
general, the individual measurements contribute to the temperature solution in a 
narrow altitude range near the tangent layer o f the measurement. The measurements 
contribute to the pressure solution in a similar narrow altitude range for tangent 
altitudes below about 40 km. Above 40 km, the hydrostatic constraint tends to smooth 
the pressure profile and, as a result, an individual measurement contributes to a 
broader portion o f the retrieved pressure profile. Although it varies somewhat from 
channel to channel, the larger magnitudes of the contribution functions above 40 km 
reflect a higher sensitivity of the retrieval algorithm to changes in the measurements at 
these altitudes. The implication is the retrieved profiles will be impacted more 
significantly by measurement errors above 40 km than lower in the atmosphere as has 
been demonstrated in the simulation studies (.i.e. Figure 3.3)
As defined in section 4.1.3, the averaging kernel, A, provides some insight to the 
vertical resolution o f the retrieved temperature and pressure profiles. The averaging 
kernels for temperature and pressure were calculated numerically by systematically 
perturbing each temperature and pressure component o f the “true” atmosphere and 
performing simulated retrievals to measure the response o f the retrieved temperature 
and pressure profiles. The averaging kernel for temperature is shown in Figure 4.14 at
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displayed for a subset o f A-band channels at every 5-km in tangent altitude.
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for a subset o f A-band channels at every 5-km in tangent altitude.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
every 5-km interval in tangent altitude. Each o f the curves is sharply peaked with a 
value of about 1.0 indicating an approximate 5-function response to the 5-function 
perturbation in the “true” atmosphere. The averaging kernel for the retrieved 
pressures is illustrated in Figure 4.15. The curves are narrow and sharply peaked 
below about 30 km, but above this altitude they become broader in nature. This 
broadening o f the curves is an indication of the smoothing of the retrieved pressure 
profiles that occurs with the hydrostatic constraint. To illustrate the effects o f the 
hydrostatic constraint further, the averaging kernel for pressure calculated using an 
unconstrained retrieval algorithm is shown in Figure 4.16. The kernel functions for 
pressure are narrow and sharply peaked at all altitudes in this unconstrained case.
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Figure 4.14. Averaging kernel for temperature retrievals displayed at every 5-km in 
tangent altitude.
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Figure 4.15. Averaging kernel for pressure retrievals displayed at every 5-km in 
tangent altitude.
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Figure 4.16. Averaging kernel for pressure retrievals with no hydrostatic constraint 
displayed at every 5-km in tangent altitude.
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Figure 4.17. Averaging kernel for temperature retrievals corresponding to 
perturbations in atmospheric pressure displayed at every 5-km in tangent altitude.
Since temperature and pressure profiles are retrieved simultaneously, the 
averaging kernel can also be used to evaluate the relationship between these 
parameters in the retrievals. The pressure retrievals are essentially unaffected by 
perturbations in the “true” atmospheric temperature profile. However, the temperature 
retrievals are sensitive to perturbations in the atmospheric pressure. As illustrated in 
Figure 4.17, there can be up to about a 1 K perturbation in the retrieved temperature in 
response to a 1% perturbation in the atmospheric pressure.
The width o f the averaging kernels is related to the vertical resolution o f the 
retrievals. The resolution can be defined as the full width at half maximum (FWHM)
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of the kernels. Using this FWHM definition as a guideline, the retrieved temperature 
profiles have about a 1-km vertical resolution. The retrieved pressure profiles also 
have about a 1-km vertical resolution at altitudes below 30 km. Above 30 km, the 
smoothing effects o f the hydrostatic constraint reduce the vertical resolution o f the 
retrieved pressures to about 4-8 km.
4.4 Error Analysis
An expression for the total error in the retrieved temperature and pressure 
profiles can be derived through the linearization of the transfer function with 
measurement and forward model uncertainties included. The retrieved profiles can be 
written in terms of the transfer function as
x =  / ( F ( x , b )  +  £rv , b , c )  =  G ( x , b , c ) ,  ( 4 . 11)
where sv is the measurement error and b and c  are our best estimates o f the model 
and instrument parameters, respectively. The measurements will be obtained using the 
“true” values o f the model parameters while the inversion can only use our best 
estimates. Linearization of the transfer function about the reference state ( x , b , c )  
yields
. - . d G  d G  • 5 C  . d G
x =  G ( x , b , c ) + — ( x - x ) + — ( b - b ) + — ( c - c )  +  - — (£v - £ v) . (4.12)
d x  d b  c c  3 e v
Following the same procedure as in section 4.12, the partial derivative terms can be 
expanded as
. S I d F .  d l d f / u  - d i d y ,  d l d £ v
x =  G ( x , b , c ) + ———— ( x - x ) + — — - ( b - b ) + — —L ( c - c ) + — —-^-(£rv - £ v ) ■ ( 4 . 13 )
d y  d x  d y  c b  d y  d c  d y  d £ v -
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Making use o f the definitions o f Dy, Fx, Fb, and A given earlier and recognizing that 
the measurement vector, y, is independent o f c and the measurement error has zero 
mean ( I v = 0), Equation 4.13 can be rewritten as
x = G (\, b,c) + A (x - x )  + D vKA( b - b )  + D v£ v . (4.14)
By subtracting x from both sides and rearranging the right hand side o f Equation 4.14, 
we finally arrive at an expression for the total error in the retrieval:
x -  x = [<7(x,b,c) -  x] + (A -  I)(x -  x) + D vK heh + D ve v . (4.15)
In this expression, the quantity b - b  has been replaced by and represents the 
uncertainty in our knowledge of the forward model parameters. The total error budget 
then consists o f four separate components represented by each of the terms in 
Equation 4.15. These components, listed in order of appearance in the equation, are 
the model bias error, smoothing error, model parameter error, and measurement error.
4.4.1 Model Bias E rror
The first term in Equation 4.15 represents the systematic error introduced into 
the retrieval as a result o f bias in the inversion algorithm relative to the forward model. 
The magnitude of this error was estimated by performing simulated retrievals with 
noise-free measurements. Under these circumstances, the differences between the 
“true” and retrieved profiles are solely a consequence o f bias in the inverse model. A 
completely unbiased inversion should perfectly reproduce the “true” atmosphere to 
within machine precision. From the simulation studies, the estimated model bias error 
in the retrieved temperatures is -0.05 K. and in the retrieved pressures is ~ 0.03% (see
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Figure 3.2). These errors are insignificant compared to other error sources and will 
not be included in the total error budget.
4.4.2 Smoothing Error
The second term in Equation 4.15 is called the “smoothing error” [Marks and 
Rodgers, 1993] because it represents the error in the retrieved profiles due to the 
smoothing o f the “true” atmospheric state by the averaging kernels. Rodgers [1990] 
refers to this error as the “null-space error” because conceptually it can be thought of 
as that portion of the “true” profile space that cannot be reproduced by the 
measurement system and retrieval algorithm. Evaluation o f the smoothing error 
requires independent estimates o f the statistics o f the “true” atmospheric state, x, and, 
in particular, the covariance o f the variability o f the “true” atmospheric state, Sx. 
Although these statistics are not generally available, it is sometimes possible to 
estimate them by combining a large number o f independent measurements made by 
instruments that possess higher resolution than the observing system being studied. 
However, as noted in Chapter 3, the availability o f high-resolution temperature and 
pressure observations over the full altitude range of the SAGE III measurements is 
very limited. As a result, the smoothing error component o f the total error budget will 
not be included in this analysis.
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4.4.3 Model Param eter E rrors
The term D vK^£ft in Equation 4.15 represents the error in the retrieved
temperature and pressure profiles due to uncertainties in the forward model 
parameters, £■/,. These uncertainties, listed in Table 4.1, arise from a variety o f sources 
that can be either random or systematic in nature. The best estimates o f these 
parameters, b , have associated covariance matrices given by Sb. The diagonal 
elements of Sb are the squares o f and the off-diagonal elements are assumed to be 
zero. Following Rodgers [1990], the contribution o f these model uncertainties to the 
retrieval error has covariance given by
S M =A-b^bA b ’ (4.16)
where Ab is defined as the matrix D VK^,. As was noted earlier, calculation o f Dy is
impractical given the available computer resources. As a consequence, the model 
parameter errors were estimated using the following approach. A specific forward 
model parameter was perturbed by its expected uncertainty, <%, and a set o f synthetic 
measurements were produced with the perturbed forward model, ignoring all other 
error sources. Simulated retrievals were then performed using these perturbed 
synthetic measurements. The difference between the “true” and retrieved profiles 
represents the retrieval error that is expected for the stated uncertainty in that forward 
model parameter.
Errors in the molecular oxygen spectroscopic line parameters will be invariant 
with time and, therefore, the resulting errors in the retrieved temperature and pressure 
profiles will be systematic in nature. The temperature and pressure errors due to a 1%
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bias in the oxygen line strengths are shown in Figure 4.18. The line strength bias 
causes relatively small temperature errors that are generally less than 0.3 K at most 
altitudes, but reach 0.5 K. in the troposphere. The bias in line strengths induces more 
significant errors in the retrieved pressure profile. The pressure error increases 
monotonically from less than 0.2% at 1 km to 1% near 60 km, above which it remains 
nearly constant. Systematic errors in the retrieved temperature and pressure profiles 
from a 2.5% bias in the Lorentz half-widths are shown in Figure 4.19. Uncertainties 
in the half-widths result in temperature errors that reach 1.0 K. in the troposphere, but 
progressively get smaller at higher altitudes. The corresponding pressure errors have a 
peak value of about 0.7% near an altitude of 20 km, but decrease both above and 
below. The temperature and pressure errors due to a 15% bias in the exponent of the 
temperature dependence o f the Lorentz half-widths are shown in Figure 4.20. Overall, 
the vertical profiles o f the temperature and pressure errors are similar in shape to those 
of the systematic errors from Lorentz half-width uncertainties, but are significantly 
larger in magnitude at altitudes between about 10-35 km. At their peaks, the 
temperature errors reach 1.3 K and the pressure errors reach 1.2%. The systematic 
temperature and pressure errors due to uncertainties in the line centers locations are 
shown in Figure 4.21. Uncertainty in the line centers is the least important o f the 
spectroscopic biases and makes a significant contribution to the error budget only at 
altitudes between 50-60 km, where the resulting temperature error reaches about 0.5 K 
and the pressure error reaches about 0.3%.
The errors introduced into the measurements due to inaccurate removal o f the 
aerosol and ozone signals have a component o f both random and systematic behavior.
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Figure 4.18. Systematic error in retrieved temperature and pressure profiles due to a 
1% bias in molecular oxygen line strengths.
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Figure 4.19. Systematic error in retrieved temperature and pressure profiles due to a 
2.5% bias in molecular oxygen A-band Lorentz half-widths.
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Figure 4.20. Systematic error in retrieved temperature and pressure profiles due to a 
15% bias in the exponent o f the temperature dependence o f the Lorentz half-widths.
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Figure 4.21. Systematic error in retrieved temperature and pressure profiles due to a
0.015 cm '1 bias in molecular oxygen line centers.
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These clearing errors are expected to be random in nature with respect to altitude 
and time, but will tend to have the same sign in all channels. For the purposes o f 
computing the total error budget, the clearing errors will be treated as purely random 
in nature. The temperature and pressure errors caused by a 1% uncertainty in clearing 
the aerosol component from the A-band absorptivity measurements is shown in 
Figure 4.22. The temperature and pressure errors are only significant at altitudes 
below about 25 km, where the aerosol slant path optical depths are largest. Near an 
altitude of 1 km, the errors approach 0.5 K. and 0.5%, respectively. The aerosol slant 
path optical depth profile used to estimate the magnitude o f the clearing errors is 
representative o f the aerosol loading conditions in 1987, a relatively “clean” period 
from a historical perspective [Thomason and Poole, 1997], Much higher aerosol 
loading conditions can occur at any time in association with a major volcanic eruption 
such as the 1991 Mt. Pinatubo eruption in the Philippines. To evaluate the impact of 
such a major eruption on the temperature and pressure retrievals, a dense aerosol layer 
with an optical depth o f 7.0 was inserted into the 1987 aerosol profile at an altitude of 
25 km. Although the relative aerosol clearing errors are still assumed to be 1% of the 
aerosol slant path optical depth, the magnitude o f the optical depths associated with 
the volcanic layer will produce significantly larger absolute errors in the 
measurements than before. The resulting temperature and pressure errors are shown in 
Figure 4.23. The affect of the volcanic layer is readily apparent in the error profiles 
and produces maximum temperature and pressure errors o f about 1.5 K. and 1.7%, 
respectively, but a slightly lower altitude than the actual volcanic layer. These are 
encouraging results and indicate that, although the associated errors in the retrieved
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Figure 4.22. Random error in retrieved temperature and pressure profiles due to a 1% 
error in clearing the aerosol signal from the A-band measurements.
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Figure 4.23. Random error in retrieved temperature and pressure profiles due to a 1% 
error in clearing the aerosol signal from the A-band measurements. For this case, the 
aerosol slant path optical depth profile had an optically-thick volcanic layer at 25 km.
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products will be larger, high aerosol loading conditions will not have catastrophic 
affects on the retrievals.
The estimated temperature and pressure errors due to a 0.5% error in clearing 
the ozone signal from the A-band measurements are shown in Figure 4.24. The errors 
in both the temperature and pressure profiles peak at an altitude o f about 32 km and 
diminish above and below. At the peak, the temperature and pressure errors reach 
0.5 K and 0.5%, respectively. The overall shape of error profile is similar to that of 
the ozone slant path optical depth profile, but the error profiles peak about 7 km 
higher. The measurement perturbations associated with ozone clearing errors (Figure 
4.9b) are closely aligned with the shape of the ozone slant path optical depth profile 
(Figure 4.8b). The upward shift in the temperature and pressure error profile is an 
indication of how rapidly the sensitivity o f the retrieval algorithm to measurement 
noise increases above about 30 km; small measurement errors above 30 km can have a 
significant impact on the retrieval errors.
Analogous to the uncertainties in the oxygen spectroscopic parameters, errors 
in ozone spectroscopy are not expected to vary with time and the resulting temperature 
and pressure errors will be systematic in nature. The temperature and pressure errors 
due to a 1% bias in the ozone cross sections are shown in Figure 4.25. The shape of 
the temperature and pressure error profiles are similar to those resulting from the 
standard ozone clearing errors (Figure 4.24), but their magnitudes are twice as large 
with maximum temperature and pressure errors of about 1 K and 1%, respectively. 
The fact that doubling the ozone clearing error results in a doubling o f the temperature
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Figure 4.24. Random error in retrieved temperature and pressure profiles due to a 
0.5% error in clearing the ozone signal from the A-band measurements.
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Figure 4.25. Systematic error in retrieved temperature and pressure profiles due to 
1% bias in the ozone molecular cross sections.
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and pressure errors indicates that the retrieval has a linear response to these errors, at 
least in the altitude range o f the ozone errors.
The uncertainties in the EGA radiative transfer calculations result primarily 
from numerical approximations and interpolation errors and are likely systematic in 
nature. The estimated magnitudes of these EGA uncertainties as a function o f channel 
and tangent altitude are listed in Table 4.2. The expected temperature and pressure 
errors due to errors in the EGA calculations are shown in Figure 4.26. The 
temperature and pressure errors vary considerably with altitude. The temperature 
error reaches a maximum of 1 K just above 40 km, but is significant over most o f the 
profile. The EGA uncertainties have an even larger impact on the pressure errors with 
the error reaching a maximum of 1.5% near 45 km, but exceeding 1 % between 30-50 
km and again near 60 km. As these figures illustrate, errors in the EGA calculations 
are an important source of uncertainty in the retrievals.
4.4.4 Measurement Error
The contribution o f random measurement error to the total uncertainty in the 
retrieved profiles is given in Equation 4.15 by Dy£y. From Rodgers [1990], the 
covariance o f the retrieval error due to measurement noise is given by
S /V= D VS X ,  (4.17)
where SE is covariance matrix o f the measurement errors. In our case, the diagonal 
elements o f SE are the squares o f the random measurement errors,£v . The off-
diagonal terms are assumed to be zero. The magnitude of the random measurement
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Figure 4.26. Systematic error in retrieved temperature and pressure profiles due to 
errors in the EGA calculations.
errors were estimated using the noise model described in Chapter 3 (Equation 3.14), 
assuming a signal-to-noise ratio o f 3000. The resulting uncertainties in the retrieved 
temperature and pressure profiles due to this measurement noise are the square root of 
the diagonal terms of Sn . As was noted earlier, calculation of Dy is impractical given 
the available computer resources. As a result, the uncertainties in the retrieved 
profiles due to measurement noise have been estimated from the statistics generated 
from simulated retrievals using realistic measurement noise. The mean covariance of 
the retrieved temperature and pressure profiles determined from these simulated 
retrievals is used to estimate the expected uncertainties as a result o f random 
measurement noise. The expected temperature and pressure errors due to
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measurement noise are shown in Figure 4.27. Measurement noise is a major source of 
uncertainty in the retrieved temperatures in the upper stratosphere and mesosphere. 
The temperature error steadily increases from a value o f about 1 K. near 35 km to 
values approaching 4.5 K. at 85 km. The temperature error is insignificant below 
about 30 km, except in the lowest few kilometers where the error approaches 1 K as 
the absorptivity measurements near saturation. Measurement noise does not impact 
the retrieved pressure profiles as severely as the temperature profiles, primarily due to 
the smoothing effects of the hydrostatic constraint. The pressure error is negligible 
below about 40 km, but generally exceeds 0.2% above this altitude and approaches 1% 
at 85 km.
<u■o
80
60
40
20
0
0 1 2 3 4 5
Temperature Error, K
e
<u■o
80
60
40
20
0
0.0 0.2 0.4 0.6 0.8 1.0 
Pressure Error, %
Figure 4.27. Random error in retrieved temperature and pressure profiles due to 
measurement noise (based on an estimated SNR=3000).
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4.4.5 Total Error Budget
In this section, the total error budget for the retrieved temperature and pressure 
profiles is estimated by combining the contributions from all the individual sources. 
The estimated errors from all random and systematic sources are determined 
separately and then combined to produce the total error budget. In each case, the total 
error is estimated as the square root o f the sum o f the squares the individual 
contributions.
The total random error in the retrieval consists o f contributions due to 
measurement noise and aerosol and ozone clearing errors. The total estimated random 
errors in the retrieved temperatures and pressures are shown in Figure 4.28. The 
dominant source o f random error in the temperatures is measurement noise. Random 
errors in pressure are also dominated by measurement noise above 50 km, but ozone 
and aerosol clearing errors become dominant below this altitude.
The total systematic error in the retrieval consists of contributions from the 
oxygen and ozone spectroscopy errors and EGA errors. The total estimated systematic 
errors in the retrieved temperature and pressures are shown in Figure 4.29. The 
dominant source o f systematic error in both the temperatures and pressures below 
about 30 km is bias in the exponent o f the temperature dependence o f the Lorentz half­
widths. Between about 30 and 65 km, both EGA and ozone spectroscopy 
uncertainties are the most important sources o f systematic error in the retrievals. 
Above 65 km, bias in the oxygen line strengths becomes the dominate source of 
systematic error in pressure, while the systematic errors in temperature are due to a 
combination o f line strength, line position, and EGA errors.
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Figure 4.28. Total random error in retrieved temperature and pressure profiles 
estimated by combining the root-sum-square o f the individual contributions due to 
measurement noise and aerosol and ozone clearing.
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Figure 4.29. Total systematic error in retrieved temperature and pressure profiles 
estimated by combining the root-sum-square o f the individual contributions due to 
spectroscopy and EGA errors.
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The total estimated experimental error in the retrieved temperature and 
pressure profiles due to all random and systematic sources is shown in Figure 4.30. 
Also shown in the Figure are the total estimated random (dotted line) and systematic 
(dot-dashed line) components. Systematic error overwhelms random error in the 
pressure retrievals and dominates the total uncertainty in pressure at all altitudes. 
Systematic error also dominates the temperature uncertainties below about 30 km, 
while measurement noise becomes the dominant source o f temperature error above 
about 40 km.
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Figure 4.30. Total experimental error (solid line) in retrieved temperature and 
pressure profiles due to all random and systematic sources estimated by combining the 
root-sum-square o f the total random (dotted line) and systematic (dot-dashed line) 
components.
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In the absence o f actual measurements, the error analysis presented above 
provides a realistic pre-launch assessment o f the expected performance of the 
SAGE III temperature and pressure retrievals. The expected precision o f the 
temperature and pressure data can be approximated by the random error component o f 
the total error budget. The precision of the retrieved temperatures is dominated by 
measurement noise at all altitudes. The precision o f the retrieved pressures is also 
dominated by measurement noise above about 50 km, but becomes dependent on the 
ability to accurately clear ozone and aerosol from the A-band measurements below 
this altitude. The expected accuracy o f the temperature and pressure retrievals can be 
approximated by the combined random and systematic errors. Although spectroscopy 
uncertainties are expected to have an important impact on the accuracy o f the 
retrievals, the significant impact o f the EGA errors on the accuracy o f the pressures, 
particularly between 30-60 km, is surprising. The impact o f these expected errors on 
our ability to meet the experimental goals outlined in the Introduction will be 
evaluated in Chapter 5.
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SUMMARY AND CONCLUSIONS
As the primary goal o f this research, we have developed an algorithm that can 
be used to operationally retrieve profiles of temperature and pressure for SAGE III. 
The retrievals are based on multi-spectral measurements o f the molecular oxygen A- 
band absorption feature near 762 nm. The A-band absorptivity measurements are 
dependent on the atmospheric temperature and pressure distribution in a complicated, 
non-linear fashion and, as a result, an iterative retrieval approach has been proposed. 
The retrieval technique is based on the Carlotti [1988] global fitting method that 
solves for successive adjustments to trial solution profiles o f temperature and pressure 
by minimizing a merit function defined in terms o f the residuals between measured 
and modeled absorptivities. A modified Levenberg-Marquardt non-linear least- 
squares procedure is used to perform the minimization.
The feasibility o f the retrieval approach has been demonstrated through a series 
of simulation studies using synthetic measurements with realistic noise. The 
sensitivity o f the retrievals to measurement noise increases rapidly above 30 km and 
induces undesirable oscillations in the retrieved profiles. The implementation of an 
implicit hydrostatic constraint was shown to effectively reduce the magnitude o f these 
noise-induced oscillations. The simulation studies indicate that the retrieval algorithm
146
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
147
will produce consistent results for any atmospheric condition encountered with little 
sensitivity to the accuracy of the first-guess profiles.
Following the formal approach of Rodgers [1990], I have performed a 
comprehensive characterization and error analysis o f the temperature and pressure 
retrievals. Potential sources o f random and systematic error in the retrievals have been 
identified and their associated uncertainties have been estimated. The total error 
budget for the temperature and pressure profiles was derived by propagating these 
various uncertainties through the retrieval. The temperature uncertainties below 
30 km are dominated by systematic errors due to uncertainties in the molecular oxygen 
spectroscopic line parameters and errors in the EGA radiative transfer calculations. 
Measurement noise is the dominant source of error in the temperature retrievals above 
40 km. The estimated accuracy of the temperature retrievals is better than 2 K. below 
55 km, but increases to 4.5 K. at 85 km. The pressure uncertainties are dominated by 
systematic errors at all altitudes and have an estimated accuracy of better than 2% over 
the entire profile. Based on these estimates, the temperature retrievals should achieve 
the SAGE III accuracy goal o f 2 K for altitudes below 55 km and the pressure 
retrievals should achieve the accuracy goal o f 2% at all altitudes.
The retrieval characterization provided a first-order estimate o f the 
experimental resolution. The vertical resolution o f the temperature retrievals is 
expected to be approximately 1 km. The vertical resolution o f the pressure retrievals 
is expected to be 1 km at altitudes below 30 km, but is reduced to 4-8 km above this 
altitude by the smoothing effects o f the hydrostatic constraint. Simulated retrievals 
using a combination o f high-resolution radiosonde and falling sphere observations
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were able to accurately reproduce small-scale structure in the temperature profiles 
with vertical scales o f less than 2 km, lending credence to these experimental 
resolution estimates.
The estimated error budget provides a means to assess the ability o f the 
retrieved temperature and pressure products to meet the algorithm and science goals 
established in the Introduction. Accurate knowledge of the vertical distribution of 
temperature and pressure is essential to SAGE III for the successful retrieval o f high- 
quality aerosol and gaseous species data products. Previous experiments in the SAGE 
series have relied on external sources for these meteorological data such as the NOAA 
operational global analyses. To be o f added value to the SAGE III aerosol and gas 
species retrievals, the SAGE III temperature and pressure products should possess 
better accuracy than is currently available from these external sources. In the 
troposphere and lower stratosphere, the SAGE III products will afford about the same 
accuracy as the NOAA operational global analyses. However, the SAGE III 
temperature products will be about a factor o f two more accurate than the NOAA 
products in the upper stratosphere where the SAGE III aerosol and trace species 
retrievals are especially vulnerable to large errors in the meteorological data. If these 
accuracy estimates are realized, this improvement alone should lead to better quality 
SAGE III aerosol and trace species products. In the mesosphere, climatological model 
data is the only external source of meteorological data available for SAGE data 
processing. Although the uncertainties in these model data are difficult to ascertain, 
the SAGE III temperature and pressure data should be a significant improvement over 
the model data.
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We have demonstrated the capability o f SAGE III to retrieve temperature in 
the upper stratosphere and mesosphere with an expected accuracy of 4.5 K. or better. 
It should be emphasized that the temperature uncertainties at these high altitudes are 
dominated by random measurement noise. Therefore, averaging of the data should 
reduce these uncertainties. Since there is a lack of long-term temperature observations 
in the upper stratosphere and mesosphere and those from lidar and rocketsondes have 
limited spatial coverage, the SAGE III measurements will be particularly valuable for 
establishing a zonal mean climatology and quantifying temperature trends in this 
region of the atmosphere.
The simulation studies and error analysis were based on an estimated SNR of 
3000 for the SAGE III A-band measurements. Although this value was determined 
from instrument test data, there is a possibility that the actual SNR could be different. 
A decrease in the SNR to 2000 has essentially no impact on the retrievals below 30 
km. Above 30 km, the random error in the temperature and pressure profiles increases 
at most by 0.7 K and 0.2%, respectively. In the event the SNR is significantly worse 
than expected (SNR < 1500), the impact on the high-altitude data may be severe 
enough to reduce the altitude range the retrievals. O f course, if the SNR is actually 
better than expected, the random errors will be smaller than presented here.
The estimated magnitude o f the total systematic error in the retrievals is larger 
than anticipated. Perhaps most surprising are the large errors introduced by 
uncertainty in the EGA calculations. A substantial fraction o f this uncertainty can be 
attributed to errors in interpolation o f the core EGA database. A concentrated effort is 
underway to improve the accuracy of the EGA calculations. A more sophisticated
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interpolation scheme is being implemented and preliminary tests indicate that the 
interpolation errors will be significantly reduced. It is important to note the retrievals 
are not dependent on the methodology used for the radiative transfer calculations, only 
their associated uncertainty. Therefore, if a more accurate approach than the EGA 
becomes available, it can be implemented without serious complications.
Utilization o f the A-band by a number o f current and future remote sensing 
experiments has motivated several recent laboratory studies to better quantify the 
molecular oxygen A-band spectroscopic parameters [Brown, 1999; Chance, 1997; 
Newnham and Ballard, 1998; Schermaul and Learner, 1999]. In general, the current 
uncertainty in these parameters does not seriously impact the established temperature 
and pressure accuracy goals for the SAGE III retrievals. O f all the spectroscopic 
parameters, the largest systematic error component is associated with the uncertainty 
in the exponent o f the temperature dependence o f the Lorentz half-widths. Brown 
[ 1999] estimated the uncertainty in the exponents for the individual transitions to be 6- 
12%. The value o f 15% used for this uncertainty in our error analysis may be too 
conservative and the actual error may be smaller.
Measurements o f the ozone cross sections in the A-band spectral region 
(Chappuis and W ulf bands) are very limited and their temperature dependence has not 
been well quantified. As a consequence, the uncertainty in these cross sections may 
be larger than the value o f 1% used in the error assessment. If these cross sections are 
in error by 5% or more, the impact on the temperature and pressure retrievals will 
potentially be catastrophic. Accurate measurement o f these cross sections and their
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temperature dependence is strongly recommended to ensure the success o f the 
SAGE III temperature and pressure retrievals.
The accuracy estimates obtained from the error analysis presented here are 
valuable for assessing the expected performance o f the retrievals and identifying the 
dominant sources of error in the retrievals. However, these estimates may have 
deficiencies if the error sources have not been properly characterized or if unknown 
error sources are present. A post-launch validation will be necessary to fully assess 
the precision and accuracy o f the SAGE III temperature and pressure retrievals. 
Numerous correlative satellite data sets will be available for comparison studies, 
including temperature measurements from the Microwave Limb Sounder (MLS), 
Halogen Occultation Experiment (HALOE), and High Resolution Doppler Imager 
(HRDI). The tropospheric and stratospheric data will also be compared with the 
NOAA operational analyses and coincident radiosonde observations. Validation of 
the upper stratospheric and mesospheric data will be accomplished through 
comparisons with lidar data and possibly rocketsonde measurements. A concentrated 
validation effort will occur in association with the SAGE III Ozone Loss and 
Validation Experiment (SOLVE). SOLVE is a comprehensive aircraft, balloon, 
ground-based, and satellite measurement campaign that will be based in Kiruna, 
Sweden during October 1999 to March 2000. High-resolution temperature and 
pressure data will be obtained from a variety o f instruments for SAGE III validation 
purposes.
In conclusion, the SAGE III temperature and pressure retrievals should provide 
a robust, high-quality data set from the lower troposphere through the mesosphere.
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The temperature and pressure data will be self-consistent with all other SAGE III 
measurements and possess better vertical resolution and accuracy than is currently 
available from external sources. The SAGE III temperature data should be 
indispensable for assessing long-term temperature trends in the upper stratosphere and 
mesosphere.
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